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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MEMORANDUM 2-20-59L

TABLES FOR THE RAPID ESTIMATION OF DOWNWASH AND SIDEWASH
BEHIND WINGS PERFORMING VARIOUS MOTIONS
AT SUPERSONIC SPEEDS

By Percy J. Bobbitt

SULMARY

Equations for the downwash and sidewash due to supersonic yawed and
unswept horseshce vortices have been utilized in formulating tables and
charts to permit a rapid estimation of the flow velocities behind wings
performing various steady motions. Tabulations are presented of the
downwash and sidewash in the wing vertical plane of symmetry due to a
unit-strength yawed horseshoe vortex located at 20 equally spaced span-
wise positions along lifting lines of various sweeps. (The bound portion
of the yawed vortex is coincident with the lifting line.) Charts are
presented for the purpose of estimating the spanwise variations of the
flow-field velocities and give longitudinal variations of the downwash
and sidewash at a number of vertical and spanwise locations due to a
unit-strength unswept horseshoe vortex. Use of the tables and charts to
calculate wing downwash or sidewash requires a knowledge of the wing
spanwise distribution of circulation.

Sample computations for the rolling sidewash and angle-of-attack
downwash behind a typical swept wing are presented to demonstrate the
use of the tables and charts.

INTRODUCTTION

The ability of a designer to predict the flow characteristics behind
wings of aircraft performing various motions is important in estimating
the forces and moments acting on the tail configuration and the associated
aircraft stability. Naturally, then, since the advent of supersonic
flight, methods for determining theoretically the flow velocity compo-
rents, downwash and sidewash, behind wings traveling in this speed range
have received appreciable attention. Lifting-surface methods utilizing
the concepts of conical superposition, doublet distributions, and vortices
have been developed and applied in references 1 to 5 and lifting-line and
approximate lifting-line (horseshoe vortices) formulas have been derived
and utilized in references 6 to 9.
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Each of the two types of methods has certain disadvantages when
applied to specific wings. In the case of lifting-surface methods the
disadvantage is the complexity of the integrals involved and for lifting-
line methods it is the difficulty in obtaining accurate values close
behind the trailing edge or near the vortex sheet. The lifting-line
difficulties in most cases can be minimized or overcome by using more
than one lifting line and by determining from previously derived expres-
sions the exact value at the trailing edie or in the plane of the vortex
sheet. The difficulty associated with l.fting-surface methods, on the
other hand, is much more restrictive and has been overcome for only a
few simple plan-form shapes. Certainly, for ease of application, 1ifting-~
line and horseshoe-vortex methods are to be preferred since they may be
applied to wings of any plan form with equal ease and require only numer-
ical calculations in cases where spanwise circulation distributions are
available. Some indication of the ability of the lifting-line approach
to approximate lifting-surface results can be had by noting the compari-
sons made in references 4, 7, 8, and 9.

Though the usefulness of the liftinz-line methods is clear, it has
not been fully exploited. One important reason for this situation is
that the use of lifting-line and horseshje-vortex expressions to cal-
culate the flow velocities at a number of points behind a wing can involve
a great deal of computing labor. At subsonic speeds the same situation
existed and was eliminated by the preparation and use of tables and charts
giving the downwash and sidewash at various points in the flow field con-
tributed by a unit-strength horseshoe vortex (see ref. 10). The purpose
of the present paper is to present, for the supersonic speed range, sim-
ilar tables and charts which will allow 2 rapid calculation of the flow
field behind wings of arbitrary plan forn at an angle of attack or per-
forming steady rolling, pitching, and sileslip motions. The tables give
tabulations of the downwash and sidewash in the vertical plane of symmetry
due to a unit-strength yawed horseshoe vortex located at 20 equally spaced
positions along lifting lines of various sweeps. The charts give longi-
tudinal variations at a number of vertical and spanwise locations of the
downwash and sidewash due to a unit-strength unswept horseshoe vortex
and are used primarily to predict the spanwise variations of the flow-
field velocities. In application, the known spanwise distribution of
wing circulation strength (see refs. 11 to 13) is used to weight the
downwash and sidewash contributed by each unit horseshoe vortex and the
total downwash or sidewash at a point ic obtained by summing up the con-
tributions of the weighted horseshoe vortices. The tables cover a large
range of lifting-line sweep angles, Macl numbers, and longitudinal, span-
wise, and vertical distances behind the wing.

I1lustrative downwash and sidewash computations, comprising primarily
a two-column rultiplication plus a summetion, are presented to demonstrate
the use of the tables and the rapidity with which answers can be obtained.
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SYMBOLS

rectangular Cartesian coordinates of field point

rectangular Cartesian coordinates of points along a 1lifting line

rectangular Cartesian coordinates of corner of a particular
vortex in a distribution of vortices

wing aspect ratio, b2/S
wing span
wing root chord

lifting-line chord (see fig. 8)

limits of ¥y integration

variable index used in summations

V

free-stream Mach number, 2

Velocity of sound in free streanm
slope of lifting line (absolute value)
slope of leading edge

slope of trailing edge

value of i at left- and right-hand wing tips of a swept wing
looking from trailing edge to leading edge

angular velocity of roll, radians/sec

angular velocity of pitch, radians/sec

wing area

perturbation velocities along x-, y-, and z-axes, respectively

free-stream velocity
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B= |1 -1
T circulation at any spanwise station
To circulation at y; =0
A taper ratio
o local angle of attack
¢ perturbation velocity potential
Fy,0 defined by equations (7) and (11)
pr(yi,o)Jl"Fw(yi,o)]2 defined by equations (7) and (11)
N . .
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Subscripts:
te conditions at trailing edge
Y value of circulation strength at spanwise station Yy

Plus and minus signs used as exponents indicate positive or nega-
tive values, respectively, of a variable.

THEORY

Downwash and Sidewash Equations Jsed in Preparation
of Tables and Charts

Equations for downwash due to distrisutions of yawed and unswept
horseshoe vortices may be found in refereaces 8 and 9. An expression
for the sidewash due to yawed horseshoe vortices distributed along a
line to approximate a rolling spen load distribution 1s given in ref-
erence 4. In this section, expressions for the sidewash due to dis-
tributions of yawed and unswept vortices ipproximating lifting lines
with arbitrary span load distributions ar: presented in addition to the
corresponding downwash formulas previously obtained.

The downwash and sidewash due to a swvept lifting line with any
prescribed 1ift distribution can be approtimated through the use of the
equations for the downwash and sidewash die to yawed horseshce vortices
(see fig. 1) of positive and negative slojes plus terms glving the effect
of the break in the center of the lifting line. Rectangular horseshoe
vortices can be used most easily to appro<imate the flow field of unswept
lifting lines though they may also be used with certain modifications to
approximate swept lifting lines. (See fiz. 2.) Derivations of the nec-
essary formulas for yawed and unswept horseshoe vortices are given in the
appendix.



The lifting line or lines used to represent a wing are, in this paper,
composed of two straight lines connecting some point on the wing root chord
with the tip chord, for example, a pair of straight lines connecting the
midpoint of the root chord with the midpoint of the tip chord. The slopes
of the two straight lines are opposite in sign and nave the magnitude
b/2
c/ (=m) where b/2 is the semispan of the wing and c; is the longitu-

1
dinal distance from the intersection of the two straight lines on the wing
root chord to the intersections of the straight lines with the wing tips.

The downwash and sidewash due to a swept lifting line approximated
by a series of yawed vortices (see fig. 2(a)) are given, respectively,

by
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where Xi o 4n the first summation terms of v and w 1is equal to
Xo + ¥i.,o @and in the second terms to xc - Yi,0° Values of 1 from O
M

to nj are associated with negative valves of y; and values from 0
to no, with positive values of yij. A value of i equal to ny cor-

responds to the vortex at the left wing tip and a value of 1 equal to
n,, to the right wing tip. DNote that with the vortices numbered in this

manner the incremental circulation strength Pyi+l - Pyi—l is approxi-

mately proportional to dP/dy on the right-hand panel and to —dF/dy
on the left.

When the lifting line is inclined sipersonically to the free-stream
direction each of the n vortices of equations (1) and (2) may be con-
sidered as semi-infinite yawed horseshoe vortices of the type shown in
figure 3. When inclined subsonically the bound portion of semi-infinite
horseshoe vortices of the type shown in figures 3(a) and 3(b) has an
additional contribution not given by these equations. (See ref. T.)
However, this additional contribution is - ot required in the use of equa-
tions (1) and (2) for a practical case since the semi-infinite vortices
distributed on swept or yawed lifting lires combine to form finite swept
horseshoe vortices of the type shown in figure 4 or finite yawed horse-
shoe vortices of the type depicted in figure 1(b). The equations of
finite swept or yawed horseshoe vortices with bound portions inclined
subsonically or supersonically are the szme. The last two terms in equa-
tions (1) and (2) give the effect of the break in the swept horseshoe
vortices formed by these last two terms and the semi-infinite yawed
horseshoe vortices of the first two term:s. (See eqs. (A9) and (A10) of
appendix A.)

The downwash and sidewash behind & ving approximated by an unswept

lifting line and semi-infinite unswept horseshoe vortices are,
respectively,
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(3)
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=0 Ty, - Tyy z X
v o= - S i+ ; i-1 ¥
s b/2 )
i=n -
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i=n -
:EZ% Tyisr = 1yi-1 ZoX (%)
1=0 b/2 2 2 2(+2 2)
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where X = —Eg. Equations (3) and (4) may be written by inspection from
B 2
2

equations (A6) and (AT) of appendix A.

As indicated previously the equations for rectangular horseshoe
vortices may be used to approximate swept as well as unswept 1lifting
lines. One approach to doing this is to replace x in equations (3)
and (4) with X; thereby approximating a swept 1lifting line with semi-
infinite unswept horseshoe vortices in the manner shown in figures 2(b)
and 2(c). A second method is to use finite unswept horseshoe vortices
distributed along the lifting line in much the same way as is done sub-
sonically (see fig. 2(d)). It eppears from the limited number of cal-
culations performed to establish which of the two approaches better
approxirates equations (1) and (2) (see fig. 2(a)) that the first approach
i3 superior. Detailed examination of the calculations to determine the
reasons for this superiority indicates that when & practical number of
vortices are used to approximate a lifting line, it is more important to
approximate accurately the trailing vortex system than the bound vortex
system of equations (1) and (2). It can be seen from a comparison of
figures 2(a) and 2(b) that the trailing vortex system of the first
approach is exactly the same as that obtained using a distribution of
yawed vortices. Although the combined bound vortices of the distribution
of finite rectangular horseshoe vortices (fig. 2(d)) accurately approxi-
mate the bound vortex system of the yawed vortex distribution (coincident
with the 1ifting line), the staggered trailing vortices do not represent
a good approximation to the trailing vortex system of the yawed horse-
shoe vortex distribution. It should be mentioned that although neither
rethod does particularly well in predicting megnitudes, spanwise varia-
tions of the flow-field velocities as computed by equations (1) and (2)
are better predicted by the semi-infinite unswept horseshoe vortices.

In view of the preceding discussion only the equations for the downwash
and sidewash due to a distribution of semi-infinite unswept horseshoe
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vortices will be given. Equations (3) ard (4) with X replaced by ii
beccme, respectively,

3 . = 2)

<2 Tyin - Tyig [Yi,oxi - ~'1,oXi(Yi,o + 225
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= —5 ~- by

% Pyi+l - Fyi-l [Yiyc'xi T i)OXi(Y?)O + Ezg)]

i= b/2 — 2 o) 2
)”f\!xi - Y%,o - Zo(ﬁ - Zo)(ﬁ,o + Zo)

(5)

and

(6)

<2 2(..2 2\/,2 2
IHIJ;i - B (hi,o + ZO/\Yi,O + Zo)

\

— I 4
where X5 on the left panel is equal to X + ;’O and on the right,
m
- Vi
to x - ;’O. Note that the summation terms in the equations for w  are
17

singular for points on a line vortex, that is, when Yj o = 2o = 0. 1In

order to avoid this singularity and to obtain more realistic values for
dcwnwash, experience indicates that pein:is In the 2z = O plane should
be chosen midway between the trailing vo-tices. Another singularity
which exists in the equation for w as well as in that for v occurs
when the square root in the denominator  _s zero. Points that give rise
tc this type of singularity lie on the a’tercone from a corner of a
horseshoe vortex and should not be used.

It is possible by the use of equations (1) and (2) to prepare tables
or charts which would considerably expedite the calculation of downwash
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and sidewash, at a large number of points (x, y, and z) in the flow field,
due to a swept lifting line approximated by semi-infinite yawed horseshoe
vortices. To do this, however, would result, for the range of y values
considered necessary, in tables half again as large as the ones contem-
plated and would not give the simplicity desired for calculations in the
plane of symmetry. Equations (5) and (6) may also be used for preparing
tables of downwash and sidewash influence functions though the accuracy
of the results obtained through their use would not be so good as that
obtained using tables based on equations (1) and (2). There is, however,
one advantage that equations (5) and (6) have over equations (1) and (2)
and that is that they have one less parameter in the summation terms. In
preparing downwash and sidewash tables for a given number of field points
this advantage would mean a considerable decrease in the size of the
tables required. Charts might also be used in lieu of tables in the case
of equations (5) and (6) to obviate the need for interpolation between

X4 wvalues and thus effect an additional time saving.

The computational scheme to be used herein is as follows. For com-
puting downwash and sidewash in the plane of symmetry tables have been
prepared that are based on equations (1) to (4) and charts based on equa-
tions (5) and (6) are presented for estimating the spanwise variation of
these quantities. It is intended that the level of the spanwise varia-
tions be adjusted, if necessary, to the values at the plane of symmetry
obtained using the tables. This procedure is an attempt to make use of
the advantages of both sets of equations and thereby to obtain reasonable
accuracy and greater speed from a smaller set of tables than would be
required if equations (1) and (2) were used exclusively. The tables for
the plane of symmetry are in a form such that no interpolation is required
in obtaining downwash and sidewash at the field points and fm values
for which tabulations have been presented. In making preliminary esti-
mates of vertical- or horizontal-tail loads, where it is often expedient
to restrict the calculations to the plane of symmetry, this 1s especially
convenient.

The necessary equations of the flow velocities for the plane of
symuetry are, from equations (1) to (4), respectively,
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and

no I - T =
Y Yi_ Z~X
i+l i-1 o (10)

2 b/2 /
-2 2 2/ 2 2
lm\[x Y50 - Zo(yi,o + ZO>

i=0

For purposes of identifying the functions tabulated or plotted and
of facilitating some of the simplifications possible, it is convenient
to write equations (7), (8), (9), (10), (5), and (6), respectively, in

the following functional forms:
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0 -
I N Tyivy ~ Tyia Folys )+
T w\ti,o)
i=n] b/2
ng o -T
<~ Yi Yi-
e i+l -1 Fw(Yi,o) (15)
i=0 b/2 /
o r - T
— " ¥i+l Yi-]
ve-S Py(ty,0) +
i=nl b/2
an- Tyivi ~Tyia F(Y (16)
v( i,o>
1=0 b/2

It is evident from equations (5), (6), (15), and (16) that
FW(Y)-_:O> = -Fw(Yijo) and that FV(Yi:O) = Fv(Yijo>; hence, 1t is only
necessary to plot the functlons FW(Y1,6> and Fv(Yi,o> for positive
values of Yi,O‘ The equations for the ylane of symmetry may be put in
forms comparsble to equations (15) and (16) through further simplifica-

tions. By noting that yj o values in [Fw(yi,oi}l, [?V(yi,oi}l,
At

{[Fw<yi’ol]l}m=m , and {th(yi’olll} are negative, the following
m =0

relationships may be established:

L

[FW(H’O)L ) iF"’(yi’O\)L = FW(|Y1,O|> (17)

-. l}mm ) {;Fw(yi’o)]:z = [FW(Iyi,ODLW (18)
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_[Fv<yi,0§11 = [%v<yi’oi}2 = FV(in,o'> (19)

\ [0 |
- [{Fv<yi,o)]]_}m=m = -l[%vkyi,ojle = {?V(!yi’o()Jm=m (20)

=00

The identities given in equations (17) to (20), together with equa-
tions (11) to (14), yield the final or computational form of the equa-
tions for the downwash and sidewash in the vertical plane of symmetry
(y = 0). These equations are

0 Py. N
i+l i-1 ,
-W = Z F y. !) +
j_:nl b/2 W(‘ 1,0

Bo Ty, . - Ty, r
Z Yi+l Yi-1 o
F + —F 21
0 It
:E:: Yitl Yi-1
vV = - F +
i=ny b/2 VQ yi,O D
oo - Ts.
Yi Yi-
S i+1 i-1 Fv/iyi O] (22)
i=0 b/2 \I71

o> r - T . .
Yi+l yi—lf .

> Folly. |\ 5

1=0 b/2 LWO yl,O‘jmzm (23)
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Obviously only the functions FW<|yi,ol>’ FV<|yi,o] s {Fw(|yi,ODJ s

m=oo

i m=o0

wash and sidewash.

[Fv(iyiJOO! , and Fw,O need to be tabulated to determine the down-
\

Wings that are at an angle of attack or performing a pitching motion
have symmetrical spanwise distributions o circulation and rolling wings
have asymmetrical distributions of circulition. Formulas for the plane
of symmetry when applied to these motions may be further reduced. For
the angle of attack and pitching motions

Ty, . = To. = (Ty, =Ty,
JYidd yl'l)Left panel ( i+l yl-l)Right panel
so that
ng2 r - T
Vil i-1 o ) To
=D F, |y ) + F (25)
b/2 w910 b2 "0
iz
and
n
2 I“y' N - Fy. l]r— .
i+ i-1in /4
(-w)mzm =2 ). __~._E;E;__—_-Fw<|yi’01i]m=w (26)
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The relationship of the incremental circulation strengths on the left-
hand panel and on the right-hand panel of a rolling wing is

~(Ty. - - Dy. = (Tyse1 ~ Tyy
(Tyir YI‘1>Left panel ("vina yl‘l)Right panel

Hence,
np
r -T
Yi+l Yial
= 237 F . 2
YT b/2 "(Iyl’OD (27)
i=0
and
n
2r -T
Vi 1 Yiaf, v
G
i=0 e

To obtain the downwash and sidewash in the plane of symmetry behind a
sideslipping wing requires the use of equations (21) and (22) or equa-
tions (23%) and (24).

Sidewash and Downwash at Trailing Edge and Vortex Sheet

Lifting-line methods do not yield accurate approximations of lifting-
surface downwash values in the vicinity of the wing trailing edge nor of
1ifting-surface sidewash values near the vortex sheet or wing trailing
edge. These inadequacies may be minimized to some extent by the use of
simple exact expressions, previously derived, for the downwash at the
trailing edge and the sidewash at the vortex sheet. For a wing with
trailing-edge slope my references 1 and 8 give the downwash at the

trailing edge as

RPme - 1
—W.te = cteVm - ute o L (29)
1
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where Ot is the local angle of attack at the wing trailing edge. When

the trailing edge is unswept, equation (29) becomes
“Wee = OpeVeo = Bupe (30)

This equation may also be used to determine w at the trailing edge of
the root chord of wings having swept tralling edges if the trailing-edge
shape is modified as shown in the following sketch:

Modification

\\\\\ Sweptforward and
Sweptback trailing edges

By considering the properties of vcrtex sheets, the sidewash at the
vortex sheet has been determined in reference 14 to be

_ SUNESY 1 dr(yi)
(v)g=0 = o, 2 o (31)

Distorticn, Rotation, and Displecement of Vortex Sheet

The effects of vortex-sheet distoriion, rotation, and displacement
have been discussed in rmost of the flow-field papers published toc date
so that no further discussion of these e¢ffects will be given other than
pointing out several of these papers.

The method of accounting for the vertical displacement of the vortex
sheet with longitudinal distance behind the trailing edge may be found in
a nurber of papers. (See, e.g., ref. 9 ) Information regarding the dis-
tortion or rolling up of the vortex sheet may be cbtained from references 9
and 15 to 18. The rotation of the vortex sheet which occurs in the rolling
rmotion may be taken into account or neglected in accordance with the equa-
tions and discussion of references 4 or 19.
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Comparisons of Lifting-Line and Lifting-Surface
Downwash and Sidewash

Comparisons of lifting-line and lifting-surface downwash at angle
of attack have been made for triangular wings in references 7 and 8 and
for rectangular wings in reference 9. Downwash variations computed by
the two methods for a pitching rectangular wing are compared in refer-
ence 8. Lifting-line and lifting-surface sidewash have been determined
and compared for a rolling triangular wing in reference 4. In addition,
it is possible, by use of the lifting-surface results of reference 5 and
the downwash tables presented herein, to make one other comparison, that
of triangular-wing downwash due to pitching. This comparison has been
made for Pmg values of 0.5 and 1.0 and the results are gilven in figure 5.
It can be seen in this figure that the agreement is very good.

Downwash and Sidewash Due to Flaps and Allerons

The computation of downwash and sidewash due to flaps and allercns
is made with the same equations and tables as were used for calculating
wing downwash and sidewash. It may well be that some shortening of the
computing procedure may be effected in cases where a near-constent or
constant value of the circulation exists across the span of the aileron
or flap. Instead of using, say, 10 or 15 vortices across the span only
one or two may be required.

PRESENTATION AND USE OF TABLES

A tebulation of the values of y; o, 25, Xg» X, and Pm for
)

which the plane-of-symmetry functions Fv(lyi,o|>’ Fw<|yi’0|>,

»FV<|yi:Ol£Jm=m’ [FW<|yi,O’i}m=m’ and Fy,0 have been calculated is

given in table I. Values of FW(Iyi Oi) and {Fw(lyi O‘ﬂ are
) J

=00
tabulated in table II; FW,O is tabulated in table III; and FV(]yi,oU
and [Fv(lyi o}j] are tabulated in table IV. Note in table I that
L 2 Al m=o0

no values of the Fy functions are given for Yio = %0 = 0. This is
J

done to avoid the singularity, pointed out previously, which occurs for
this condition. Plots of the variations of the Fw(Yi,o) and Fv(Yi,o)

functions with longitudinal distance are given in figures 6 and 7,
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respectively, for values of Yi,o from 0.05 to 1.45 and values of 2z

from O to 0.8 in the case of the downwash function and 0.2 to 0.8 for
sidewash functions.

The usefulness of the tables can best be demonstrated by illustrative
calculations for a particular wing. The wing chosen for this purpose is
shown in figure 8 and has an aspect ratio of 5.57, a taper ratio of 0.565,
and a leading-edge sweep of 38.8°. The 1ifting line used to represent
the wing connects the midpoints of the root and tip chords and has a
sweep of 33°. Calculations have been made for three Mach numbers, 1.35,
1.64, and 2.19. Values of RA, Pmg, and Pm corresponding to each Mach
number are listed in figure 8. It should be mentioned here that in order
to avoid interpolation between @m values the Mach numbers were chosen
to yield pfm values identical to those given in tables II, III, and IV.
The flow-field velocities computed are the angle-of-attack downwash and
rolling and angle-of-attack sidewash. Angle-cf-attack downwash has been
determined in the plane of symmetry for a 2z, value of zero and a range
of xg values extending from 1.0 to 5.0; rolling sidewash in the plane
of symmetry has been calculated at an x, value of 2 and for 2o values
from O to 0.8. The spanwise variation ol angle-of-attack downwash has
been calculated using the charts of figure 6 at & xo value of 2.2 and
a 2z, value of zero. The spanwise variation of rolling and angle-of-
attack sidewash has been determined using the charts of figure 7 for an
X, value of 2.0 and a 2o value of 0.2. In order to give some indica-
tion of the ability of the charts based on equations (5) and (6) to
approximate results based on equations (1) and (2), spanwise variations
of the flow-field velocities using equations (1) and (2) have also been
calculated for comparison.

The wing spanwise distribution of circulation for the angle-of-
attack and rolling motions and for the Mach numbers previously listed
were obtained by interpolation from the charts of reference 12 and are
given in figures 9 and 10. These so-called circulation distributions
are actually spanwise variations of a ncndimensional circulatlion param-
eter. It is convenient in determining the angle-of-attack downwash and
rolling sidewash to alter equations (13), (16), (25), and (27) so that
the circulation strengths appear in the same nondimensional forms.
Consider the downwash equations first. If both sides of equations (15)
and (25) are divided by Ve, the increnental circulation on the right-

hand side can be grouped with Voab/2 to form the same nondimensional

parameter ——— as is plotted in figire 9 and given in references 11
Vab/2
and 12. The left-hand side becomes equel to %E— = %S. For the rolling
ok a

sidewash, both sides of equations (16) end (27) are nondimensionalized
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by pb/2. When this is done, the circulation on the right-hand side of
the equations may be grouped with p(b/2)2 to form the same nondimensional

parameter ———E——— as is plotted in figure 10 and given in references 11
p(b/2)?
. v v/Vy
and 12. The left-hand side becomes equal to = and can be

pb/2  pb/2V,
thought of as the induced lateral angularity per unit wing-tip helix
angle pb/QVw.

To illustrate the calculation procedure for each motion it is only
necessary to show calculations for one Mach nurber and two points in the
flow field, one in and cne off the plane of symmetry. The points for
which the downwash calculations are presented are both located at longi-
tudinal and vertical coordinates of x5 = 2.2 and 2z, = 0. Rolling side-

wash calculations are presented for points located longitudinally and
vertically at x5 = 2.0 and 2z = 0.2. Calculations for both motions
are at spanwise locations of y, = O and Yo = 0.15 and at a Mach num-

ber of 1.64. Tables V and VI show the downwash and sidewash computations,
respectively, for the points in the plane of symmetry. Tables VII

and VIIT give the downwash and sidewash computations, respectively, for
the points at y, = 0.15.

In table V the first column gives the spanwise location of the
trailing vortices. The second column gives the strength of the circula-
tion as determined from figure 4 at the spanwise location of column

Colurn (E) gives the incremental circulation strength. Column (:) gives
the FW{Wyi Ol\ function from table II corresponding to fm = 2.0,
71,00
Xg = 2.2, 2g = 0, and the lyi;0| values of column (:). Note that no
Fleyi,OI/ values are given for Iyi’ol values beyond 0.7. This indi-
cates that the forecone from the field point at which the downwash is
being determined intersects the 1lifting line between Iyi OI = 0.7 and
3

iyi,o} = 0.75. Those horseshoes outside the forecone obviously do not

contribute to the downwash. Twice the surmation of the products of

colurns (:) and (;) gives the first term of equation (25) (when nondimen-

sionalized as previously indicated) and, for the example calculation, is
equivalent to -0.238. The last term in equation (25), that is, the

r
. . . . o
roduct of the nondimensional circulation parameter and F
P V_ab/? w,0

is determined frorm column (é) and the value of Fw,O given in table III.
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The second term for the example calculation is equal to 0.126. Summing
up the contributions of the two terms in cquation (25) gives

_ W

= =0.112. To determine the downwash for any other point in the

00 .
plane of symmetry at this same Mach numbe:* requires that the Fwilyi 01)
TSy

and Fw,O functions appropriate to the point being considered be obtained
from tables II and III and used in the same manner as the numbers in
columns (g) and (:) for the calculation jist outlined. The calculating
procedure for determining the rolling sid:wash in the plane of symmetry

(see table VI) follows closely that just s>utlined for determining angle-
of-attack downwash and need not be discussed.

Calculations for the point off the plane of symmetry are slightly
more lengthy than those for the plane of symmetry since the value of Yi,o

for each value of Yi,0 and the value of Xj for either the positive
or negative Yi,o values (ii is the sam2 for positive and negative
Yi.o values) must be calculated. In table VII, which illustrates the

2
angle-of-attack downwash calculation, colimns <:> and (:) give the Yi,o

values of the vortices located on the left and right panels, respectively;

colums @ and give the corresponding Yi,o values and column @

gives the values of Xj. The Fy(Yi,o) functions corresponding to the

Yi,o values of columns @ and and the —X—i values of column @ are
- . - +

given in columns (:) and (:). (Note that Fw(Yi,o) = 'Fw(Yi,o))- The

sum of the products of the values of FW(Yi,o) and the incremental

circulation strengths (Pyi+l - FYi—l\ of column (:) are given in

columns @ and . Substitution of tre values of columns @and

into equation (15), nondimensionalized by Vo, yields 0.003 for de/da.

The calculation procedure for rollirg sidewash (table VIII) is
essentially the sare as that just outlined for angle-of-attack downwash
with one exception. For the rolling motion the spanwise distribution of
circulation is asyrmetric; hence, the incremental circulation strengths
on the right wing panel are of opposite tfign to those on the left wing
panel given in column (E). This differerce accounts for the negative

sign in the heading of coluun q:) in tatle VIIT.

The results of the calculations for the wing of figure 8 and for
the Mach numbers and points mentioned previously are presented in fig-
ures 11 to 13. Figure 11 gives the longitudinal variation of angle-of-
attack downwash behind the wing along the x-axis. The inaccuracies in
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the lifting-line method near the trailing edge are not too apparent in
this figure except for the M = 2.19 curve. As pointed out previously,
these inaccuracies may be minimized by determining the exact value at

the trailing edge. By use of equation (50), in conjunction with the
pressure expression given in reference 20, exact values of the down-

wash at the trailing edge have been obtained and are shown in fig-

ure 11 as the circled point. It is felt that the dashed-line curves
connecting the exact trailing-edge values with the troughs of the lifting-
line curves give a reasonable approximation of lifting-surface results.

Variations with vertical height of lifting-line sidewash (in non-
dimensional form) in the vertical plane of symmetry for the rolling motion
are shown in figure 12. Values of the sidewash at Zg = 0 were obtained

by use of equation (31) and the spanwise distributions of circulation
given in figure 10.

The spanwise variations of downwash and sidewash due to angle of
attack and of sidewash due to rolling as calculated by use of the charts
(egs. (15) and (16)) and equations (1), (2), (25), and (27) are presented
in figure 13. Figure lB(a), giving the spanwise variation of angle-of-
attack downwash at xo = 2.2 and 2zq = O, shows that the magnitude of
the downwash computed by use of the charts does not agree well with the
more exact values computed using equations (1) and (25). It further
indicates that if the curve determined by use of the charts is translated
so that the value at y, = O is made to coincide with that computed by

the tables and equation (25) (as suggested earlier in outlining the pro-
posed computing procedure), reasonably good agreement is obtalned between
the translated curve and the values computed from equation (1). For Xo

values greater than 2.2 and a Mach number of 1.64 1t is expected that
the agreement between a translated chart-computed downwash curve and a
curve computed from equation (2) would be as good as, if not better than,
that shown in figure 13(a). On the other hand for Xo Vvalues less than
2.2 the agreement will probably deteriorate from that shown in fig-

ure 13(a), with the worst agreement being at the outboasrd stations. Tt
should be remarked here that an increase in Bm will have a similar
effect on the flow-veloecity variations at a particular longitudinal sta-
tion as a decrease in x, for a particular value of fBm.

The spanwise variations of sidewash due to rolling and angle of
attack as computed from the charts, tables, and equation (2) are given
in figure 13(b). It is evident from this figure that the chart-computed
curves are in good agreement with the values computed using the tables
(in conjunction with eq. (27)) and equation (2). Whereas the chart-
computed curve of angle-of-attack downwash (fig. 13(a)) required a trans-
lation to obtain good agreement with the points computed from the yawed
vortex equations, the rolling sidewash computed from the charts is in
good agreement at y = O and requires no translation. This situation
will not necessarily be true for all xo, values. The sidewash due to
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angle of attack whether computed from the charts or from the tables and
equation (27) is zero at yo = O because of the symmetry of the circula-
tion distribution. Obviously no translation is necessary for this case.
Tncreases or decreases in longitudinal distance will have an effect on

the spanwise variation of sidewash similar to that mentioned 1n connection
with downwash.

Langley Research Center,
National Aeronautics and Space Administratlon,
Langley Field, Va., December 1, 1958.
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APPENDIX A

Derivation of Downwash and Sidewash Equations

The equation for the potential in space of a yawed lifting line
with a variable circulation strength P(yl) and constant slope m may

be obtained from reference T or 8 and is given by

2
g0 W2 - §2 (2 + 2)
wo . L
m m i

By

h ,
1 f 2 ar(y)) - Z\/;g - g2¥2 + 22) ;
h

Al
2r dy, > 5 1 (A1)
1 vx - 2 _ I
m m
where the equation for the 1lifting line is

(See fig. 1(a) for pertinent symbols, lifting-line geometry, etc.) For
the potential in space of a yawed lifting line of constant circulation

dily
strength, ——i—;l is zero and equation (Al) reduces to
dyl
\[2 20,2 2) "2
- X~ - Y + 2
¢—_—Ltanlz B< (A5)
2n 2 2
-z X
m m
by

By definition this is also the potential for a yawed horseshoe vortex of
the type depicted in figure 1(b). A distribution of a number of these
constant-strength horseshoes along a line can be used to approximate the
potential of a lifting line with any prescribed circulation distribution.
This approach, of course, represents an approximate numerical solution
to equation (Al).
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Partial differentiation of equation (A3) with respect to 2z and y
yields the downwash and sidewash, respectively, due to a yawed constant-
strength horseshoe vortex as

h
IR b A e Ul & 2nyux (Y2 + 22°) + B w2 (22 + ¥2) | 2
2
2“[ nVx2 - g2 (¥2 + 2°) [(v - mx)" + 2202 n®)] (¥ + 2%) g
(A4)
and
hy
N [ ¥ onx® - 622(¥2 + 22)] - 2x(@x® - p2n2z?)
e ]yd&g - BEKY2 + 22) [(Y - mX)2 + ze(l - Bemz)] (Y + 22>
1
(a5)

When m 1is set equal to infinity in equations (AL) and (A5), respectively,
the following expressions result:

ho
R o ij - Bng(Y2 + 222) (16)
2n ‘vl;é _ p2(Y2 + 22) (xF - p222)(¥2 + 22) by
by
v=Ll . } (a7)
\[2 Y +Zz>(Y2+Ze) by

Equation (A6) gives the downwash and equetion (A7) the sidewash due to
a rectangular horseshoe vortex; these equations agree with the expres-
sions given for these quantities in references 6, 9, and 21.

It should be noted that equations (£4) to (A7) give the total con-
tributions of the bound and trailing vortices. The separate contribu-
tions of the two components for the rectengular horseshoe vortex may be
easily obtained. (See ref. 7.) Equatior (A6) written in the following
form
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h

LT -R%xY . Yx 2
o Vx2 - B2Y2 - 6222(x2 - B222> ng - B2Y2 - Bgzg(Y2 + 22) b

1

(A8)

gives the contributions at the bound and trailing vortices as the first
and second terms, respectively. The sidewash due to a rectangular horse-
shoe vortex equation (A?), results solely from the trailing vortices.
Since the contributions of the trailing vortices are the same for both
yawed and rectangular horseshoe vortices, the trailing-vortex contribu-
tions for the latter (with x replaced by X to account for the dis-
placement of the origin of the trailing vortices from x = 0) may be
subtracted from equations (A4) and (AS) to obtain the bound-vortex con-
tributions of a yawed horseshoe vortex.

With m, the slope of the bound vortex, defined as an absolute magni-
tude, expressions for the downwash and sidewash due to a yawed horseshoe
vortex of negative slope are obtained by replacing m with -m in equa-
tions (AL4) and (A5).

A swept horseshoe vortex of the form given in figure 4 may be
obtained by combining yawed horseshoe vortices of opposite slope in such
a way that two of these trailing vortices coincide along the x-axis.

The effects of the two coinciding trailing vortices cancel leaving the
effects of the two outboard trailing vortices and the two bound vortices,
that is, a swept horseshoe vortex. Expressions for the downwash and
sidewash due to a swept horseshoe vortex are, respectively,

I -(y T )(mx - ‘n(r,)i - fmx - h:f 'L" —(5’ - )1 + Em(y - d)(m - hz){(y - "L:) + Dz"‘] - Q“Yn‘?(y - h:f)e[x‘? +@ - }“2‘);3} .
ﬁmx - Ll,,)‘r - ‘”,ng[(y - h‘;:\g + z;" [{y - :'ru‘:)E + z""l{:l - L“';m’r—‘j} I{ry - h(;‘g + zg}

* . \1" v o ‘ 2 e oo a2 ) o i 2
(y - r.L}/\::u. + "L) - ‘er;f, + by L:x - - t'l)] - ' (y R r\m; + l)[y - hl) + g.L‘I - B Y- :.1) [" + (¥ - hl)} .
WL) + 3‘1); - ’,ﬁ“m“[(y - k:]\“ + ::;”(y + mx)" o+ 22(] - ﬁ"}mﬁq [(y - 7‘1)‘2 + z‘q}
2 w
(s we Jyly - ex) + (v - ) -yl e me) o Ly + m):)?' 1 (a)

are T o aon
Vrr.fx" - ;ﬁ'jm»—'r:yg + z‘jL(y - mx);" + 7,2(1 - [i?w“) \jrmxj - B%E(g"- + z‘)j[(y + m) o+ 22(\1 - f‘nﬂ J

J
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and

v =

o (2 - ) {%(mx - ny)° - Bzme[ky - np)° ¢ 22]} - e - heﬂkmx - np)? - ﬂzmQZé] +
RN R e O R | CRE R T (RS REE

~

z(y - hl) ié_’(mx + hl>2 _ 521112 [(y _ hl)2 + zz:l} N z(m:: + hl) |i(m_x + h1)2 _ Bgmaz%
V(:x s ) - B?‘“‘Q[(Y -5p)7 4 22] I:(y v )2+ 221 - aam2>] [(y -n P 12}

a2 - 53202 + )l - m® + 220 - p%R]) e - BEP(v2 ¢ 2)[(y + ma) + 22 - %)

zo[—(y - mx) + y(1 - Bam2)] ZO[-()’ + mx) + .‘/(1 - ﬂ2m2)] >

(A10)
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TABLE I.- VALUES OF Bm, X,, X, 2o, AND yj o FOR WHICH

PLANE-OF~-SYMMETRY FUNCTIONS ARE TABUILATED
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8Values of Fv(|yi,o|) and
I:FV (‘Yi,ol )] —_— for zg5 = 0 are zero;

hence, no tabulation of these functions

for z5 =0 1is necessary. F, functions

are singular at Yi,o = 20 = 0 and have
been dropped from the computation
procedure.
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TABLE II. - TABULATION OF THE DOWNWASH FUNCTION Fw(lyi’ol)
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TABLE II - TABULATION OF THE DOWNWASH FUNCTION F,, (¥, o) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fy, {ly, o) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fy (ly; ol) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION F (Iy-, ol) - Continued
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Fw (ly; oI) - Continued

TABLE I.- TABULATION OF THE DOWNWASH FUNCTION
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Fw {1y, o) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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TABLE II.- TABULATION OF THE DOWNWAS- FUNCTION F, (ly; ol) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION F (Iyi ol - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fw (1y; o) - Continued
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Fw (1y; ol) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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TABLE I - TABULATION OF THE DOWNWASH FUNCTION Fy (Iyi ol) - Continued
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TABLE 1I. - TABULATION OF THE DOWNWASH FUNCTION F, (Iy; ol) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fw (ly; 51) - Continued
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Fw {1y, ol) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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Fw (|y| 0|) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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Fw (1y; ol) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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TABLE IO.- TABULATION OF THE DOWNWASH FUNCTION  F, (1y; ol) - Continued
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TABLE T - TABULATION OF THE DOWNWASH FUNCTION Fy, {1y, ol) - Continued

2.0

Bm
0.2

08

2o

00000000000 00RO R20000000R00DD0O0L00O0
Co0O0P0COOO0O0C0000RP00OCOOOCP0000000000
[XeXereicre ik ke k=l=R=1=ReTeTeRetedoNoRolo R RoRolojo o RoJofalolofe o jel
COo00C000000 0000200000000 00000000O0
C00000DOO0OQODO000TP000O0O0000000QO0000
0000000000 000000PO0000000C0000000000

CO000OOOOOPOLOOCOOOOOONO-NDOOOOOOO0
CO000CO0COOOYDHANROOOCOODONCHCLCNDOOOOOCO0
CO00O0O0OCOOOVONMOOOCOOOONMMNAMNTAOOO0OO0O0O0O
00000000 OOVYYTLODOOOOOCONNHNOO0O0OO0QOOO
00000000 OOMPDPDAOCOOO00COONMNNEHNOOOOOO0C0O
CO0000OOOONNMFEOOOOORCOOHHNANMNOOOOOOOO

20:=06

0000000000000 00P000DOCORCVVOOCODOW
OO OCO00000000000PCOOCOROPMMNBOOOOOOY
0OOO 0000000000000 000QONYH0000OO0

DHAANP OO0 OO MNAT TN OOHIE-MNITNITONNNOOOO
NHDOCOO0OOODDVLINOOOOMITINROMNOHNDODOOOO
DPURLEOCOCOITTIIDNNOOCOHYTD AL ONNDOOQO

00000000000 OCOOCO00000OOOOOVNONCOOOOOO VWAMNOOOCOODVOVARANMNOMOCOORUNNIEI-NAOTOOOC
0000OOOOOO00000000000000049080000003347280000088889145000066555557110000
cCooo 00000000000000000000022400000001.11123000.0000000112000000000000120000

L T R T I T T T T T T R

Ll

=04

2o

0O 00000 CVINOOOOVVITNVNOOREMNMINOOOON AT HN-MOS QOoOWVEMOoOVHNAROAVOMNAVNAHAVORODNOO
QOO0 0000005520000512927002282249v00035869686700368788823410359340038935OO
[oJoYoloRlwloRoRoNe o] 09900004A2}4100727087500062715972000957200709}70387248767621’,00
00000000005.)400003946250017638980000266134900077962525991097856129216500
D000 OOOOOO50300003235270097666840007532223530053100000140042001221101500
QOO0 0000000 2.)40000111129000000001000000000001000O000000002000000000000000

Z0

15206856?06923760255135192259655380332\)59346247425006614585456918167142nu
ATNOLOROVINO 6881770312142048170583160909748029 NOTrTOAVODTODVTVLAOTTFAHTONADMNO
94603515105.3545407329378413161350808045821507406170116025085691255046570
684013390087255206967314335501757303674770966873649057996319217959369180
664047466091342307068862662811974005392210752444033319753044144320975410
QueroHoIOoOT N0 00”0000000000000001100000000111100Onu00111110000000111111000000

[ I | | I T T B [ O T T R SO N A | L 2 T T T A O R B | [ T U S T T T T T A Y A O A Y T i A B B

P L P R [ R Y

20=0

AVMNNHOONOOTON
HOMITAOIMONMT D
MENAARDONDNMDON
DATHROON DO~ ®
TOVOLTLCAHOMHDO TN
VM-I RNAA—10O0CQ0

HOOAT TSNS
oMM AOE D
OMMNY T - WD
WORAOMA HI-H W
MAn QNN MNASMNT S -
NetTNAA-00C OSSN NAA~OC

P A

N~ HNRRNONM
MM OOOWL
THOWTOANT
OO AN T~ ©

O OO
HTOTTRODO TN
DT TN D
FODNRNNOO DM~
TEINTOOCNRNBNT
N-TNANAHOOO

Lalalise]
[+ o l¥e]
el l¥pl
< -0
LaReJe
T O

NS HO
fandls o AV gt
Fpla  He WXelo N o]
MO AW NN
OO
NMOTNAHAO

I T T R R T R S T T T T T T T O T T T T Y o O T L S o UL L L L L
1 | | 1 1 1 1 1

1¥i, 0|

050505050505050500505050505050505050505050505005050505050505050505050505
00110011220011223001122330011223}4400112233445v00112233445500112233445566
e s e e e aa R T T R I I I I )

Xo

666688888800000002222222244444444446665566666688888888888800000000000000

J T S T T R A A A

Mt A A AA A A A AA A AT AA A A A A A A HAAdAAdAd A A A A A d A A A A AR AR RRNRRNNNNAN




68

1

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION F,, (1y; o!) - Continued

Bm=20

08

Zo

2218594700000038900494334300000024585991061446770000
5070044400000031604425927000000051378765337924650000
0380195100000023312530422500000085476269263765700000
9277288100000041875582898100000095174309014856600000
3990240600000055444445568300000033322221222234630000
0001112600000000000000000100000000000000000000010000

.0BT7354

=06

Zg

32737943295000013911908723443200094338019880865255300
LA TONONDE-HROOOYATDMOMMNNNHARNDOOODMALHAVDTMNNTNEONDN OO
NHAOMENM I ELNO00 0N NMD R ANDIN A ADOOODNODHEROOHIDON AD™2 00
VDA ANC TR AO 000 MAMOO NN TDONUIHNOOONMITNHOOMBR AT« DMNOTO o0
DTN MMMMINOAY 000 IMNUNA 000000 HNTOOOOMNNHOOSAH—AAAN OO OdNC O o
000000000002000OOOOOOOOUUUUOUIOOOOOUOOUUUOUDOUUUOUOUO

0.4

Zo

51810674646183052257673198133275030859121720734954740
03752557787670024021462378916445075605138047366_495700
1,903172256667706610451)2.01”6191954006509528252871025840
MALTNMOTOAM G A MG ™ R m A M (miA JiAA mm o~ e o mmm T2l Lo
420123333310100310234554443..6100002013455665544339»1000
00000000000001000000000000000001000000000000000000000

= 0.2

2o

OMAMNANRAOVVHAMNTODONC-INCIVAINNEDHODN OO
NDIIEEDMNORNTAONOM AV OO TIANN T O A3
FOLITNODOLLIN N HANDOTT LT IACNCCLECT O~
CIrEEMOMOAC QDO DONN AN AN DOV TN >0
MO ATNTMNAODEUTROM OO TR AOCD DT M T

OCHAAAAAADZ D0 200

T T ..

VA HH A1 AT oS CSOD

OEADROVNATNDOIMTAA DINWO
N AMMDOO I MDDOOVDNOD D
AL AT VDDV QM T AN AN D
CNOOoOE—HOIMOOMEDOMMM D
NOMOVOVOMNRARNDTONN TN~
O Ao 00 0

20:0

HDOMTOVTDUNARANQ N~
cHNOoOOoVHNNODONN
OVHOITMNADIOTDODOND
MO ITNS-0VNDROMON
VDDA TRADCT N
DEITNANAA-MOOO0O0CO

NODITOOMMNMDOOATARDN
Tt T AN AOMNTC HMOD TN
A ANDOONO T DO
PACNALOCONMO A DOT e
NLHALDODNDUEMAND O T
NETMANAAAL10000000
Lo e A A A I A A
t

TN AMOMNOrACHOT OO DM
NAHOLNLONTVODOWV AL T O
AT ANV DDHNOO DT
T ECOANTOANARAR O o
CLOLTDMALITNOR TSN N
VENMAIANAAAIA0OCO0O00C0OQ

L2 N A E R O A A A T A R O

I¥i, of

05050505050505005050505050505050505050505050505050505
001122,5.54455667001122334455667788001122.‘)3445566778899
o e s e e

R T T T L N T

Xo

22222222222222266656566565666666600000000000000000000

L T T T T e T T T S

NN 00O OR 000 (0 MO0 OO0 O 00 00 (8 (0 (0 (2 (0 00 00 MY MR 1 44 1M %4 10 o 4 WA 3 8 B A MY oA R 1A R B




69

b

Fw (1y; ol) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION

20

Bm

Zo= 08

12030964470273791410730374681409315346589622863517858365122,654
226506036941517097480613595172508521492431918,)06716517906151248
2376119342811118151067u99331928931;.88339&01147459829189609691072
LONHOINNADOONTN OV OO FTOMOITOMOVDBAOAAONDEMNOMNDVD VU OAMP IO H RPN MY N oD
NWNHHOO0OO0OQODOOOOHAMDO 211000000011110000000110000111222222222211
jojejejajeloRoloNeTolo Yoo To ol oY oRaYaTe] 000000000000000000000000000000000000000000

.030315

L R R A I A R O T I | L I I I e e D R DR |

06

Zo

T ONTDO AN T ANV OOt O 501470936662919431775569391793225360884524
431439784722891557684612109007620226494898322422605437164164827
5489576145705455691653019836517435243810681569105&8892021702220
666195046777530738347.222641503455431964173753218370234432097531.
210001222222222110001210012233333333222211100122334444444433333
OOOOUUUUUOOOOOOOOOOOOOOOUOUO0UOOOUOOOO0UOOO0.0000000000000000000

LI T T S R A A O I A A | LN T O R I A I I T IO A LI I A T I I T A T B R I |

Zo =04

75978955542077556970130773237556494053033596217836041152284)»929
068829720609863407674305634797542.31)7406140308228886582444255329
3597102455709591206799077}5935164787651)20847697185097961591}.8418
TOOON—HODDONONAHVRNRYOM OMITNVNOMNANINDTOVNDTACCACAAIIRODOMOMMAONR YN
203356566665554433221202456777766555544332102467778777766555444
Co0000000O0DOOOORO00O0 SlefejaliajaleholofofofolofodotoToJoRo Yo FoRoRoRo Yoo Yo Yoo R To R TR RoRo o R To Ro R o)

_____________._____._.__.._________.._____________.________

0.2

392965345906614626002694176635149920779442412212567582337597083
12667489640410847453845654160169.4523760236455454207918247)051176
16579309540503286285019Q,262134209746845965024953592356886117707
MATO NN ONA- VNI R TO AR SN AV MO TRHOANMVINOOMOUERMNAONNODE DO 0 00
263676542109876654432273677.643210987665544174787654210998776655
001111111110000000000001111111111000000000001111111111000000000

_____________.._______g________.________.______~.__.______-_

Zo=o

TOONNHARHEDN WG HM G T W

VOTDLNRAHMITHNLT AL ANT OO
WO ANNOHCSNNOOMNMN -
DADNNNXRNODOMODDRAHINOF
CHEOMAMASTNACONLCCH T TM
UELAARANAHAA~OO0C0O0QO0

LU T I T T T T N S Y O S B B |
1

HOAOMEHOANGNADOEOADOTOTW
VNSO EHACAN DO RN ACOC ©
OO~ HOWOTRTITATHOSO T
ATOAMNRMT SO TTODNND T
MO ATONMNHOADNC O T T
OFEONNRNAA-=EA0O0C0000C
R R O O D T T T I T S T O B A |
]

NV TMNOONTDNARATOTVONOM
FAOFTHOMM IO TTON DT NN
MAVOEMONNOVERNOTNNO A -
HDIMNOOTINOFRATAFMANT-NAW
DO TOONMANAORDN OIS
NELAMAQANAAA"A~NA00000CO0

L T T S S N

R S T O S O T S B N N I I
t

Wi, ol

050505050505050505050050505050505050505050050505050505050505050
001122334455657788990001122334455667763990001122334455667788990

R T

-

L T

Ll

Xo

DMLV OVVONDO C000000C0CO00000C OO0 COCDODCO0O00O0OOLOOO0OOVO

R T T T S S R S AP

L

I T T A

UM 0 A 0 MM M Y A N BN LY M T A ey 444444444444444444444555555555555555555555




70

k]

Fw (1¥; oI} - Continued

TABLE I - TABULATION OF THE DOWNWASH FUNCTION

2.5

Bm

Zp*+ 08

OOOOOOUOOOOOOOOOOOUOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
OOOOOOOOOOOOOOOOOODOOOOOOOOOOOOOOOOOOOOO.OOOOOOOOOOOOOOOOOOOOOOO
OOOOOOOOOOOOOUOOOOOOOOOOOUOOOOOOOOOOUOOOOOOOOOOOOOOOOOOOOOOOOOO
OOOOOOOUOUOOOOOUOOOOOOOOOQOOOO DO00000OCOCRDO0D00OO0DOT00OOO0OOCCO
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOUOO
UOOOUOOOUUOOOOOUOOOOOOUOOOOOOOUOOOOOOOOUUOOOOOOOOOOUOOOOOOOOUOU

Zn= 06

OOOOOOOOOOOOOOOOOOOOOOO000000031000000008OuuAlOOOOOOB;DOJllS?OOOOU
OOOOOOOOOUOOOOOOOOOOOOO0000000000000000043052000000392581700000
OOUOOOOOOOOOOOOOOOOOOOOOOOOO«U017OOOOOOUOQ)6516000000035118500000
000OR0000000000000000Q0NOOCO0ILORO000OODMMENETOOOCOOYT OO TOO0O00O0
OOUOOOUOOOOOOUO000000000000000410000000092787000000123585400000
OOOOOOO\UDOOUOOO00000000000000059000000001‘62390000001111126OOUUU

: 04

Zo

OOOOOOOO00000020.,5000027)65400097841550009019161700078485583r)000
OO0 000000000 OONYINOOOCMOOMNANOOCONYHCARNOOOM NV RADMNODOWN D INNA-DOROO
OO0 OC00DIO0VOVDRAN T VLOOHN NHOODOPDANNN HOOO: O IND AN ODOALADNOTNRSDO

inladal=iaiaiaiakalalalele il ST T TT TSN T T Lol g R B Y L L RN

OOOUOOOOOOOOOO568000044604000987804100075433472000532100136800
Q00 OOOOOOOOOOO2350000111230000000113000000000010000OOOOOOOOIOO

095000

20° Q.2

OO MU HOOYT OO HOMAT VU AC O PO D AN AHO N Y ACATUNCOT VOO DN INOANTINADAD ¢S
DOOVMPAEAOHOANMNOCT HMO AVOVVEVVDODMMO T DL HOD O ALYV LOF - TN WM W= M ) e D
NOOVDHHOMATCTEWOTIN I INDOHIDDN HOLONMEODTNDINONCONOOTLELCOME AL DT DU DD
00 AR AH OV TOVONNMTIOODOAHNAODEODNHN AR O RO O UMW OMIN TGN ODWDDNMRD D
WOODBNONOHATANNODOTOUMNOVHMADORONMNO AANEMUOITMNONNANSLPOOTLOMM AU AR T oD
O e e O T O H OO T C o 0 C o000 C OO o000 D00 0CHHAHCS CCOC OO dHmmra Al oo s

.575844

Ll [ | L T B B | [ I N I A | L T O B B A | LI I R I B N

0

Zo

N~
TOT
Jagl AN,
[o 3 g

TR0
O~
NMO
—=ONT

VN
QOO
DOOVTEO
COF O
N~ MONE ZZDOT™M
TN TGN TO T O

DADOOO
G~ DI~
HIAW =~ Oy
VOoOMMe~n o

N T TDNDD
g ONo VM-
A OO T T OTAOODE N
0N TN 0000
HeHAMN O DOO M oNMNN-ND N
Leliagh S Ro Rl Ul odh SR L RE R ol o}

MTADAT DA N
OROO QM T~
MM RADTORMN
MMMOOAVCTMN A
I AT
W TMNAA~CC

AN OOVM ADON~NR
VWATOOTQIT~00N
IO HMNONNAN
VO DOTOND T FTINM
TTDILCONMNRNLN
M TMNRNE A OO
LT R R N e L N e N e N e N R R L T T S O O T TR I O S S R Y R A A

1 + | 1 | ] 1 |

i, ol

OO ONONCO OO ONOVAENCOYONOVOV OO OLAONON ONOVCYONCYOoOOVAONOrNONonoLn
COHHOOAHNOOHHANOOHHANNMNO O HNNMNIN OO HNUNNTI T OOHARNMM IS OOAHN QNN G ¢ 0N

e T T B T T T T T

Xo

VLV DDVDORO OO0 NNNNNNYIITITIITITIPOOVLLVOLCO PXTRATRDRXRDOOOOOOODCOOO

L T T T T e e e

41.I..I..l‘}.ﬂa.|.4A¢‘L‘.n..ql.‘rl..l.ql.1L1..¢|‘.I.al.ni14.l?lﬁ..ci‘_l.!.1‘..‘1¢‘Lgla1.1\.7;1‘1&‘.11..IA.I.1AA/Hﬂ/u,)unﬂ?n3~)~3un/v)~>v).N




T1

1

Fw (1y; o) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION F,, (ly; o) - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fy (1y; oI} - Continued
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TABLE II. - TABULATION OF THE DOWNWASH F UNCTION F,, (1y; o1} - Continued
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION

40

Bm

=08

Zo

COOOOLCOOCOOO VMY AHOCOOOOO0OOMNDUYUNNHAANOCOOOO0OCWLV ANV AMNAHYONALOOOOO
CO00OOOC00OOOVY O CDOOOOOOOCORNINNAHDANTTAOQOOQOOCNLLINCNT O TNADVDOCOCOCO
OO0 O000OOO0OOY ANTNOTOOOOODOD-ADNMNANDMVOOOOOCCYNNFONTANOVITrMMOOD00
COO00OoCO0OCOOORMNANNOOOTC2D2COCONHINMELCNDNOOOOOCOM AR T OTHANNINTOOOCO
CO0O0000O0OOOVMITNNOOOOO00O02RNOHMYHMOVOOOQOOOMNMANANNNMMTTYONAOOOOO
QL0000 OCO0OON 3460000000000UOlllld}BOOOOOOOU0000000000001200000

V]

20= 06

TANONC T O0COON MYTOHMNT 0000000 A0 TODMOITDAYTMOOOQD O A0 MIEIMEODT OO0
NCOE-MUNOOOOOLE NHNLAROANOOOOMALAANYTNOCHHNOOOYTNTOODIMILINTOANNRADOO
NI AN AN OO0 OD CODNSNLCHNOS Q000N UDD> dM A0 ATV OOOMTNODNLCHNIANN CINVOOOO
CURMDNOOCOCON IYMRNNEMNTOOQOERHVNIOOMDEHTRTOOOMIT VAR HTOUITNINTTOOOOD
FRNTOMUDOOCDOD NNNUVUEDHEDOOODMMANNANAMNMEANOODNADI0AAA—A1d200=+MLCO00
11112310000000000001140000OOUOOO000001800000OOOUOUUOUUOUOOOOOO

— L IR N A Y O O N A |

20=04

HADNSMOMTOOOMNDOVOTRNETOERAN ORI RNTONONAAHONONS-ONNOO0OHNYOI AN~ OT O
CONMDYOADODRODRDNANT-VONANTODOMOMDAUARAINDANTON ADOLCOVMADUNATOHM ANSDMNO
LN LCDIITUANNOCOOCTAN LI A AN ONONINT NN O TOCTIOONAIAEA0ONNDDNINTDOITDANRD
N HAROSEMANOODH NI LCNATDRONVOONITNDEAN ADICODTIEOODIT ATV NRDON=ONNVMNOO
PNAOOOONNANOOM ADANMMAADTAHTNONOAMNT L IITNNAOCAD O ONITVIVOVYVOUVNIOTTMNNAONO
00000000010000000000000020000000000000000000000000000000000000
e e e e v oa s s e e e e e e e e P I N R T T T S S

i [ S T I O A | [ T A R A I A O R ) | S T S R O A A S A O O O O I e |

=0.2

Zo

MOHDIOVNTAONDDOODITOODTTOAATETOTYGOAMDOOMNMNACONEMIDIDAMMOADDONO I AN
TOUNLTAITDT AT DN AN O AVOD N AN EHOAAYR AN ODYMNO AN YN AN T O A dROMO-OWNN A ™M o
TODOPOTLTDIL T AADN O AL HAC N AARDMMOMIT OO LNQPOMNAMNOVNITATMNMTLTHCHT IR CAHT N
A OCVOOMTMNHAHNAT OO AMOANOTAMNMACMOMMNO ™R TOVOFYNAOVODTOTMENANTN TR
NAVATUTNODOVOMONVARAVOVNMAEODMMONCMOVYVOINAHODNMYTNOMMEMMEMMUDTNAORAO~OVNTNRO
0)111111)00)0)1111111 OO0 O0O0 A A A~ H00COO0COO A rddArirddrddO0O20002200

Zp=0

O ARNONT A O nNoaoeTI~MTOT~O AN A AN I-MOUSTE OO ONDIANNAM A0 TR
N O QOO [adingli¥eRTola o Nala-govlio ol gie ol op] MOOMWHOOCHORUNOME ITWOHTASNMNOPHMNNTARADSNE W
TOVDOOURAIFNO HODOANNOMATLONOVD VMUY AOVOMAINADOVOHE MAVVYVOVVEMNAOMN EHDANOT
ARV HAMNOVNLVON VEIMEATNOTHAAD A ATANNHONTIOVATIM IOV EMANDOHENTMTTTMN
CEAN~A-NO~W CONRNLCONOOROODLC V-OLOMACM AR CTM MR TONTAARAR~OYON TN
57432211100 5743221111000 NEUMARANHAAAO0O0OO0O0C0 MMUNNNNA--H0OCOCOOCCO
......... . [ T T L
B T T T T S O S SO T O T O T N U O O A N T I O O T T T O S N T T T T O T T I O T A O O |
' 1 1 [

i, ol

0,30505050505050505050505050505050505OS050505050505050505050505
OO0HANNMNMMITTVNOOH-HAARNMYT LNV OOOHHANRMMITTINUEVOMNOOHAHNRMM TN OO DIAR

L T T T T T T T S S S S R T T T T T

Xo

QOO0 OOVVNILLLNLULUINVNODCOLOO0OOOCOODOOCHLOLCOVDOOOLOOCOOODOOOOL

W e e s e e w & v s e Wop s 6 e & s & a4 & 8 6 s s s+ 3 s & e a 8 a s T = ow s s = % s, ® s s s s = 2 os s ow e oe oy oros oo

MMM AAN NN O M T I I T T TIIT IS ITTNNONONUNUNNNONDYVLVNWVLWG




i1

TABLE O - TABULATION OF THE DOWNWASH FUNCTION Fu (ty; ol) - Continued

4.5
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fy, (ly, of) - Continued
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Fw (I¥; oI} - Continued

TABLE II.- TABULATION OF THE DOWNWA3H FUNCTION

5.2
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Fw (ly; o1) - Continued

TABLE II.- TABULATION OF THE DOWNWASH FUNCTION
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TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fw(]yi’ol) - Continued
m=w

b4 Iyi,Ol 25 =0 2q = 0.2 zo = 0.4 zgy = 0.6 zo = 0.8
0.6 0 0 [s} 0 0

.6 .05 -1.58601k -.086449 -.0061¢3 o] 0

.6 .10 -.TBUE36 -.144711 -.0096€5 o o]

.6 .15 -.513673 -.169058 -.00815) o] 0

.6 .20 -.375132 -.169186 0 o] 0

.6 .25 -.289363 -.15598% .016275 o} o

.6 .30 -.229721 -.156414 LOl31¢3 0 [

.6 .35 -. 184673 -.113895 08765 2 0 [o]

.6 ko -.148284 -.089525 L1790k 3 0 0

.6 R -.116968 -.062600 o] 0 o]

.6 .50 -. 087976 -.029170 0 0 0

.6 .55 -.05782k L0h0753 0 0 0

.8 0 o 0 0 0

.8 .05 -1.588488 -.09003%0 -.01875) L0090k 0

.8 .10 -. 789536 -.151948 -.035273 .010643 0

.8 .15 -.521108 ~.180112 -.04T94 7 .018010 0

.8 .20 -.385253 -.184322 -.055985 027846 0

.8 25 -.302368 -. 175610 -.059383 .041107 0

.8 .30 -.245901 -.161146 -.058615 .059116 0

.8 .35 -. 204450 -. 144689 -.05427T 084155 [o]

8 R -.172290 -.127965 -.0k68G1 121171 0

.8 RS -.146210 -.111645 -.036724 .184578 o]

.8 .50 -.1212k0 -.09858 -.023603 . 355072 o]

.8 .55 -.105069 -.080439 -.00655L 0 0

.8 .60 ~.087726 -.064975 L0167 . 0 [¢]

.8 .65 -. 071370 -.048667 L06326 5 0 0

.8 .70 -.055036 -.026623 0 0 0

.8 N ) -.036922 .001705 0 0 [o]
1.0 0 0 0 0 0
1.0 05 -1.589540 -.091440 -.02158) -.005961 008128
1.0 .10 -.791785 -.154785 -.04098 2 -.011431 .016670
1.0 .15 -.524515 -.18L408 -.056623 -.015985 . 026060
1.0 .20 -.389849 -.190129 -.067T87 -.019263 036778
1.0 25 -.310335 -.183000 -.0745k 3 -.021057 049397
1.0 .30 -.253040 ~.170221 -~ OTThb 3 -.021237 064685
1.0 .35 -.212980 -.155587 -.07T72k ) -.019747 .083801
1.0 Lo -.182335 -.140870 ~.OTHET - -.016566 ,1087h2
1.0 ) —.157922 -.126809 -.07033 . -.011655 143545
1.0 .50 ~-.137832 -.113641 -.06L6T -.004896 .198448
1.0 55 -.120837 -.101370 -.05800 ) 003998 2313352
1.0 .60 -.106103 -.089892 -.05048 015665 (o}
1.0 .65 -.093036 -.079054 -.0h212) .031559 0
1.0 .70 -.081204 -. 068669 -.03276 .055522 o)
1.0 .75 ~.070181 -.058510 -.0219% 102582 0
1.0 .80 -.059683 -.048271 -.0084T 0 0
1.0 .85 -.049318 -.037h48 .01131 . 0 [}
1.0 .90 -.038541 -.024928 06597 0 o]
1.0 5 ~.026156 ~.006098 0 0 o]
1.2 o} 0 o] 0 0
1.2 .05 -1.590155 -.092149 -, 02269 ~.008430 -.001638
1.2 .10 - 793005 -.156207 -.0k322 -.016403 -.003099
1.2 .15 -.526356 -.186553 -.0600L " -.023519 -.004214
1.2 .20 -.392322 -.193014 -.072351 -.029479 ~.004833
1.2 .25 -.311326 -.1866L47 -.08033 " -.034103 -.004823
1.2 .30 -.25683%5 -, 174658 -.08452¢1 -.037323 -.004075
1.2 .55 -.217h78 -.160851 -.08569 -.039164 -.002496
1.2 4o -.187566 - 147005 -.08459 -.039710 [}
1.2 45 -.163934 ~.133884 -.08185! ~.039077 .003505
1.2 .50 -.144681 -.121728 -.07799:" -.037389 .008138
1.2 .55 ~.128594 ~.110567 -.07335" -.034756 L014073
1.2 .60 -.114860 -.100327 -.06820" -.031261 L0215%4
1.2 65 -.102911 -.090899 -.06270t -.026947 .031199
1.2 .70 -.092336 -.082161 ~.05654 ~.021804 043826
1.2 Np) ~-.082827 -.073992 -.0509T¢ -.015739 .061488
1.2 .80 ~.OTh1k2 -.066275 -.0l76 -.008531 .089525
1.2 .85 -.066085 -.058891 -.038251 .000290 . 150465
1.2 .90 -.058484 -.051713 -.031304 .012492 [o]
1.2 ) -.051177 -.0bk59, -.02361% .028821 0
1.2 1.00 -.0k3988 -.03733%2 -, 01458 064361 0




TABLE II.- TABULATION OF THE DOWNWASH FUNCTION F,, (lyi Ol) - Continued
3

m =

X 'yi,ol 2z, =0 z, = 0.2 z, = 0.k 2y = 0.6 z, = 0.8
1.k 0 o] 0 0 0

1.k .05 -1.590540 -.092557 -.023260 -.0094k03 -.003877
1.4 .10 - 7937k -.157026 -.044357 -.018357 -.007601
1.4 .15 -.527462 -.187787 -.061718 -.026L69 -.011030
1.4 .20 -.393807 -.194669 ~.O7U6L6 -.033449 -.014042
1.4 .25 -.31319% -.188731 -.083%227 -.039126 -.01653k
1.4 .30 -.255097 -.177183 -.088036 -.0L3443% -.018L452
1.4 .35 «.2201b4 -.16383%0 -.089845 -.0k6436 -.019737
1.h Ro] -.190651 -. 150459 -.089412 -.048206 -.020375
1.4 s ~.167h55 -.137827 -.087385 -.048888 -.0203%63
1.4 .50 -.148659 -.126188 -.08k272 -.048630 -.019711
1.k .55 -.133053 -.115576 -.080446 - 047577 -.018432
1.k .60 -.119831 -.105923 -.076177 -.045855 -.016539
1.4 65 -.108432 -.097128 -.071645 -.043575 -.014034
1.4 .70 -.098452 -.089081 -.066972 -.040820 -.010904
1.k .75 -.089594 -.081677 ~.062232 -.037654 -.007107
1.k .80 -.081632 -.074819 -.05TH67 -.034112 -.002559
1.4 .85 -.0743%0 -.068419 -.052692 ~.030205 . 002895
1.4 .90 -.067760 ~. 062397 - 047905 -.025913 .009536
1.4 P -.061529 -. 056677 -.043081 -.021173 .017900
1.4 1.00 -.09569% -.051188 -.038179 -.01586% .029112
1.6 0 o] 0 o] 0

1.6 .05 -1.590769 -.092815 -.023588 -.0098% -. 004761
1.6 .10 - 794219 - 157543 -.045015 -.019343 -.009%75
1.6 .15 -.528180 -.188565 -.062709 -.02794 -.013707
1.6 .20 -~ 394767 -.195710 -.0T59T4 -.035441 -.017639
1.6 .25 -. 314400 -.100040 -.C8u897 -.041635 -.021082
1.6 .30 -, 260554 -. 178765 -.090056 -.0L6LU83 -.023973
1.6 35 -.221858 -.165650 -.092224 -.050025 -. 026280
1.6 R] -.192626 -.152606 -.092161 -.052365 -.027992
1.ty A5 -.169701 -.140268 -.090518 -.053%643 -.0239122
1.6 .50 -.151184 -.12893%6 -. 087805 -.054k014 -, 020694
1.6 .55 -.135869 -.118642 ~. 084400 -.053%628 -.029743
1.6 .60 -.122950 -.109323 -.080573 -.052621 -.029308
1.6 .65 -.111869 ~.100879 -.076513 ~.051113 -.028428
1.6 .70 -.102225 -.09320k -.07234k -.04920k -.027139
1.6 TS ~.09372k4 -.086198 -.068151 -.046973 -.025470
1.6 .80 ~.086145 -.079843 -.063983 -.0kL483 ~.023461
1.6 .85 -. 079317 -.073833 -.059869 - 041779 -.021077
1.6 .90 -.075105 -.068321 -.055822 -.038860 -.018362
1.6 .5 -.067h02 -.063168 -.051845 -.035842 -.015285
1.6 1.00 -, 062120 -.058320 -. 047929 -.032632 -.011804
1.8 ¢ o] 0 0 0

1.8 .05 -1.590926 -.092989 -.023798 -.010181 -.005207
1.8 .10 - TOU5LT -.157891 -.045435 -.019916 -.010270
1.8 .15 -.528671 -.189088 ~. 063340 -.028817 -.015053
1.8 .20 -.395h0h -.196410 -.076819 -.036596 -.01944k4
1.8 .25 -.315225 ~-.190919 -.085958 -. 043087 -.023354
1.8 .30 -.261548 -.17982k -.091336 -.048237 -.026723
1.8 .35 -.223025 ~. 1669354 -.093728 -. 052088 -.029822
1.8 40 -.19%969 -, 143784 -.093894 -.054 746 -.0317h2
1.8 R ~.171223 -.141892 -.092486 -.056353 -.033400
1.8 .50 -.152891 -.130758 -.090015 -.057063 -.034525
1.8 .55 - 137767 -.120667 -.086861 -.057031 -.03%5156
1.8 .60 -.1250h4 -.111559 -.083294 -.056395 -.035338
1.8 65 ~.114166 -.103334 -.079506 -.055278 -.035116
1.8 .70 ~. 104734 -.095887 -.075623 -.053783 -.034537
1.8 .5 -.096454 -.089120 -.0T1730 -.051994 -.033641
1.8 .80 -.089108 -.0829k2 -.067882 -.049980 -.032465
1.8 .85 -.082525 -.077273 -.064109 -.0k7792 -.031040
1.8 .90 -.0765T73 -.072045 -.060430 -.0k5kT1 -.029392
1.8 .95 -.07114g -.067198 -.056851 -.0L3048 -.02754%0
1.8 1.00 -.066167 -.062679 -.053365 -.0k0541 -.025495

85



TABLE II.- TABUIATION OF THE DOWNWASH FUNCTION }W(lyi 0|) - Continuea
s

m = @«
’yi,0| z, =0 z, = 0.2 2, = 0.L zo = 0.6 2, = 0.8

2.0 0 0 0 0 0
2.0 .05 -1.591051 -.093112 -.02394] -.010364 -.005467
2.0 .10 - T94TT9 -.158137 -.0k5T2C -.020282 -.010790
2.0 .15 -.529023 -.189458 ~.06376¢ -.029%67 -.01583%6
2.0 .20 -.395893 -.196904 -.07739: -.037332 ~.020451
2.0 .25 -.315813% -.191538 -.086671 -, 0bk011 -.024669
2.0 .30 -.262257 -.180570 -.09220k -. 049352 ~.028311
2.0 .35 -.223856 -.167808 ~.094 748 -.053397 -.031388
2.0 4o -.15kg2k -.155043 -. 095064 -.056252 -.033893
2.0 W45 ~. 172304 -.143030 -.09381¢ -.058061 -.0%5844
2.0 .50 -.154101 -.132031 -.09150¢ ~.058980 ~.037272
2.0 .55 -.139108 -.122080 ~.08850¢ -.059161 -.038216
2.0 .60 ~.126520 -.11311% -.085111 -.058747 -.038724
2.0 .65 -.115781 -.105035 -.08149€¢ ~.057860 ~.038845
2.0 .70 -.1064g2 -. 097741 -.077792 -.05660k4 -.038625
2.0 .15 -.098360 -.091131 -.074088 -.055066 -.038109
2.0 .80 -.091167 -.085116 -.070435 -.053315 -.057537
2.0 .85 -.084Tk5 -.079618 -.066867 -.051407 -.036346
2.0 .90 -.078961 -.074568 -.063405 -.049383 -.035166
2.0 “H -.073805 -.069909 -.060055 - 04277 ~.033823
2.0 1.00 -.068916 ~.06559% -.056821 -.0k5114 -.0%2338

2.0 o] 0 0 0 ¢
2.2 .05 -1.591759 -.093202 -.0240kz -.010488 -.00563%
2.2 .10 - T9HB3 -.158328 -.045924 -.02053%2 -.011122
2.2 .15 -.529282 -.189728 -.064075 -.0297Th2 -.016335
2.2 .20 -.396240 -.197265 -.077801 -.037833 -.021158
2.2 .25 -.316248 -.191991 -.087190 -.0kk4E39 -.025506
2.2 .30 -.262780 -.181116 -.092821 -.050109 -.029320
2.2 .35 -.22L4L68 - 168447 -.095468 -.05L284 -.032571
2.2 Jho -.195628 -.155776 -.095895 -.057272 -.035255
2.2 RIS -.173100 -.1k3859 ~.094751 -.059216 -.037388
2.2 .50 -.154990 -.132958 -.092551 -.060272 -.039001
2.2 .55 -.1k0092 -.123106 -.089%73 -.06059k -.0k0136
2.2 .60 -.127601 -.11k2k2 -.086391 -.06032k4 -.0k0841
2.2 65 ~.116961 -.106267 ~.0828% -.059586 -, 041165
2.2 .70 - 107774 -.099079 -.07931k -.058484 -.0k1156
2.2 i) -.099ThT ~.092579 -.075735 - 05710k -. 040860
2.2 .80 -.092662 -.0B66TT -.072212 -.055519 -.0U0%318
2.2 .85 -.086351 ~.081295 -.068779 ~. 053782 -.03%68
2.2 .90 -.080682 -.076367 -.065457 -.051938 -.038643%
2.2 .95 -.075553 -.071833 -.062254 -.050021 -.037570
2.2 1.00 .070882 -.067645 -.059L7k -.048057 -.036373

2.6 0 0 o] 0 0
2.6 .05 ~1.59125% -.093388 -.024175 -. 010644 -.005827
2.6 .10 -.795186 -.158558 -.046189 -.020842 -.011510
2.6 .15 -.529240 -.190090 - 06hLTh -.030209 -.016917
2.6 .20 -.396708 - 197749 -.078334 -.038459 -.021937
2.6 D) -.316835 ~.192597 -.087857 -.0ksk2l -.026482
2.6 .50 -.263487 -.181844 -.093623 -.051050 -.030496
2.6 .35 -.225295 -.169300 -.096407 -.055386 -.033948
2.6 40 -.196575 -. 156754 -.096972 -.058536 -.036836
2.6 R - 174170 - 144965 -.095969 -.060645 -. 039175
2.6 .50 -.156184 -.13k192 -.093909 ~.061868 -.050999
2.6 .55 - 1h1k12 -.12kL70 -.0%1175 -.062360 -.04234g
2.6 .60 -.129049 -.115737 -.088040 -.062263 -.04327h
2.6 .65 -.118539 -.107898 -.084693 -.061702 -.043822
2.6 .70 - 10548k -.100847 -.081264 -.060780 -.0kkok3
2.6 N -.101593 -. 094487 -.077841 -.059586 -.04398%
2.6 .80 -.094646 -.088728 -.O7hbTT -.058191 -, 043686
2.6 .85 -.088476 -.083493 -.071209 «.056650 -.043189
2.6 .90 -.082953 -.078716 -.068055 -.055009 -.042526
2.6 .95 - 07797 -.07hk398 -. 065026 -.053490 -.041706
2.6 1.00 -.073456 -.070309 -.062125 -.051556 -.0LO8B1k




TABLE II.- TABULATION OF THE DOWNWASH FUNCTION Fw(|yi,o|) - Continued
m

X 171,01 o =0 o = 0.2 2y = 0.4 2o = 0.6 o = 0.8
3.0 0 o} 0
3.0 .05 1.590768 -.093988 -.024k255 -.010734 -.005933
3.0 .10 -.T95333 -.158708 -.046350 -.021023 -.011722
3.0 .15 -.529853% -.190316 -.064715 -.030480 -.01723%6
3.0 .20 -.397002 -.168050 -.078656 -.038819 -.022363
3.0 25 -.317203 -.192973 -.088260 -. 045874 -.027015
3.0 .3 -.26392% -.180297 -.064109 -.»15% -.051137
3.0 .55 -.225812 -.169829 -.096975 -.H6023 -.034698
3.0 R¥e) -.197167 -.157361 -.097622 -.059267 -.037696
3.0 45 -.174838 -.145649 -.096702 -.061469 -.040146
3.0 .50 -.156929 -.134054 -.094728 -.062787 -.0k2062
3.0 .55 - 2003k ~.125311 -.092079 -.063376 -. 043546
3.0 .60 -.129949 -.116659 -.089029 -.063376 -.044585
3.0 .65 -.119519 -.108g01 -.085770 -.062913% -. 045250
3.0 .70 ~.110544 -.101932 -.082430 -.062092 -.0L45591
3.0 15 -.102734 -.095655 -.079096 -.061000 -.045653
3.0 .80 -.095870 ~-.089933 -.075824 -.059708 -. 05479
3.0 .85 -.08978k4 -.084833 -.072649 -. 058274 -.045108
3.0 .90 -.0843hT -.080144 -.069590 -.056741 -.0kk5Th
3.0 .5 -.079455 -,075855 -. 066658 -.05514k -.043507
3,0 1.00 -.075026 -.071918 -.063856 -.053%311 -.0k3131
5.5 o] 0 o} 0
3.5 .05 -1.591387 -.09347h -.024317 -.010800 -.006010
3.5 .10 -. 7195450 -.158828 -.046521 -.021160 -.011877
3.5 .15 -.530029 -. 190495 -.064904 -.0%0686 -.017468
3.5 .20 -.397237 -.198452 -.078908 -.039113% -.022673
3.5 .25 - 307497 -.193272 -.088575 -.046218 -.027403
3.5 .30 -.264282 -.182657 -.094487 -.052008 -.031603
%.5 .35 -.206225 -.170250 -.097418 -.056506 -.035243
3.5 Lo -.197640 -.157842 -.098129 -.059820 -.038319
3.5 A5 -.175371 -.146191 -.09727k -.062092 -.040850
3.5 .50 -.157523 -.135558 -.095364 -. 063482 -.042866
3.5 .55 -.146025 ~.125978 -.092781 -.064142 -.0O4bk11
3.5 .60 -.130666 -.117388 -.089797 -.064215 -. 045532
3.5 .65 -.120297 ~.109693 -.086605 -.063829 -.046280
3.5 .70 -.111385 -.102788 -.0833%2 -.063077 -.0k6TO
3.5 .5 -.103639 -.096576 -.080067 -.062061 -.046851
3.5 .80 -.096839 -.090967 -.076864 - . 060844 ~-.046763
3.5 .85 -.090818 -.085885 -.073759 -.059486 ~.046480
3.5 .90 -.085446 -.081263 -.070771 -.058031 ~.046034
3.5 .95 -.080621 -.07T0k42 -.067911 -.056513 -.0b545T
3.5 1.00 -.076260 -.07317k -.065182 -.054961 ~.0LkTT3




TABLE II.- TABULATION OF THE DOWNWASH FUNCT ION F, (lyi Ol) - Concluded
)

m = «

X lyi,ol z, =0 zy = 0.2 z, = 0.k 2o = 0.6 2, = 0.8
) 0 0 0 0 o]

4.0 .05 -1.59142k -.093496 -.02%358 -.010845 ~.006057
4.0 .10 -. 795526 -.158905 ~.016556 -.021246 ~.011970
L.,o .15 -.530143 -.190611 -.055024 -.030630 -.017609
L,o .20 - 397390 -.198443 -.079068 -.039265 -.022859
k.0 .25 ~-.317688 -.193466 -.038776 -.046432 -.027638
L.0 .30 -.264511 -.182889 -.05%4729 -.052265 -.031885
k.o .35 -.226492 -.170521 -.037700 -.056807 -.035572
4.0 40 -.197946 -.158152 -.0)8452 -.060164 -. 038696
4.0 45 -.175716 -.146541 -.097637 -.062480 -.0k127h
k.o .50 -.157907 -.135947 -.05769 -.063914 -.043339
e 55 -.143312 -.126407 -.093227 -, 064618 -.0kL932
k.0 .60 -.131129 -.117857 -.00285 ~. 064735 -.046102
o] .65 -.120800 -.110202 - 007134 - . 064390 -.046899
L.o .70 -.111928 -.103338 - . 0t3904 -.063688 - 047373
4.0 ) -.104222 -.097167 -, 060681 -.062716 -.047569
) .80 -.097462 -.091599 -.0"7521 -.061546 -.047532
k.o .85 -.051482 -.086559 -.05256 -.06023k4 -.0hghe2
4.0 .90 -.086152 -.081978 -.071515 -.058826 -.046906
k.o Nes) -.081369 -.0788L49 -.0t:8699 -.057356 -.046381
4.0 1.00 -.077051 -.073975 -. 06016 -.055851 -.0k 7884
5.0 o} 0 0 o} 0
5.0 .05 -1.591470 -.093541 -.004405 ~-.0109%9 -.006108
5.0 .10 - 795615 -.158995 -0l 65Tk -.021343 -.01207h4
5.0 .15 -.530278 -.190746 -.0t5164 -.030960 -.017764
5.0 .20 -.397569 -.168624 -.0" 9254 .039460 -.023068
5.0 .25 -.317912 -.193692 ~.0¢ 9007 -.0k6676 -.027897
5.0 .30 -.264780 -.183161 -.0¢5008 ~-.052558 -.032197
5.0 .35 -.226806 -.170838 -.0¢8026 -.057148 -.035936
5.0 40 -.1983%06 -.158515 -.0¢8825 -.060555 -.039116
5.0 45 -. 176121 -. 146949 -.0¢8058 -. 062894 - . 0b1ThL
5.0 .50 -.158357 -.136k402 -.0¢6236 -. 064403 -.043861
5.0 .55 -.143808 ~.126907 -.0¢37he -.065157 -.045507
5.0 .60 -.131671 ~.11840k4 -.0C0848 -.065324 - 046731
5.0 .05 -.121%91 -.1107%6 - Of TTUS -.065029 -.0k581
5.0 .70 -.112563 -.103979 -.0E4563 -.064378 ~-.048109
5.0 ) -.104903 -.097854 -.0£1388 -.063457 -.048360
5.0 .80 -.098190 -.0G2334 -.078277 -.062338 -.048377
5.0 .85 -.092258 -.087342 -.07526k4 -.061078 -.0l8200
5.0 .90 -.086975 -.082809 -.072369 -.059721 -.04T7862
5.0 .95 -.082240 -.078679 -.0€9603 .058305 -.04T7392
5.0 1.00 -.077970 -. 074903 -.0E5970 . 056851 -.046818




TABLE 1I1.- TABULATION OF THE DOWNWASH FUKRCTION Fw 0
s

Xo 2z, =0 I zg = 0.2 zg = 0.4 25 = 0.6 l 2, = 0.8 X, l 2, =0 l zy = 0.2 l 2y = O.h l 2o = 0.6 zoy = 0.8
fm = O Bm = 1.0
0.6 0.530517 0. 477865 0.367281 0.265298 0.190986 || 0.6 0.930917 0.562698 0.71176% o) 0
K] .397687 L3ThA82 L318310 LEOROLE .198944 .8 357887 410936 NI 601550 o]
1.0 318310 L 306007 Ny dtlep) . 234091 L194091 1.0 V318310 LHehaTh «3HT305 397887 L5305160
1.2 .258732 .212207 .183640 l.2 L 265258 L265021 L2B13LG 306294 355801
1.4 .210205 .152083 171398 1.4 20730 229720 2372559 251646 277053
1.6 .195883 187241 L17hH1E L1591 B 1.6 198944 L200516 205468 214605 229720
1.8 174682 168517 L1549155 L7670 || 1.8 176839 LTS 18137k 187566 197407
2.0 L159155 157979 153034 L1L6014 137202 || 2.0 L150159 L1597 162437 166840 TR
2.2 L14L686 143500 150006 L13h670 127789 || 2.2 LLBLLBE L 1hH288 LINT139 .150387 (155319
2.6 .1asket .121707 L1196 2116257 111839 f| 2.6 Lk L122791 123902 .12562% 128665
3.0 106103 105634 104250 102022 099059 || 3.0 106103 L 106340 107053 108291 110070
3.5 090G 00650 LOBITTS 088349 .08e43c || 3.9 LOYOUNE .C91095 091546 .0y2312 .0Y3h19
4.0 O7THTT LOTATY 078790 077826 076517 || k.o LOTHTT LOTHTT 079978 080488 L081218
5.0 0636620 063560 063257 DHETHE 062073 | 5.0 0036620 L063713 L06386T L064125 064453
pm = 0.2 Bm = 1.2
0.6 0480451 | 0.375208 0.276253 0.203368 {1 0.6 0.530517 0.50659 1.099136 ) bl
.8 L 575836 .322h93 261325 207190 .8 3978867 L4288 556630 | 1.21%49 | ©
1.0 30684 276815 8278 Ldggtee | Lo 318310 333768 390321 545006 158440
1.2 258512 L2h0E20 4956 L1BT7604 1.2 L 265298 27078 30L297 J3TRE5L 545508
1.k Le ik 225086 .211186 L103997 LJ1Theby 1.4 207364 L2387 .291092 288420 J3OLTTR
1.t L1598 ks L1H60E5 187918 LATHTT6 L6107 |1 1.6 L1985ks LBOR013 L21LhAT LO3THET 27915
1.8 L1768 59 LITRBLL . 169007 160150 Jadgzhl | 1.8 176839 Lo 187558 . 202865 228952
2.0 L159154 L157673 L153352 B Tey oY) .138341 |1 2.0 .159155 161022 . 166884 177627 195160
RS . 1L4086 L143571 RUIGES .1352h5 128729 |} 2.2 L 1hu6B6 146086 150446 .158299 L170737
cu L120ko7 L121750 L11976k L116597 .112899 || 2.6 J1e2k2T 123275 L1258179 L130h67 L13The2
3.0 L100103 .104360 .102261 09546l 3.0 .106103 L10665% 108335 .111256 .115623
3.5 L08u8L3 .088502 086692 5.5 090546 .091291 .092344 L0uh151 096798
L.g 0788357 L077930 077066 k.o LOTHTT 079809 .080511 . 081708 LOB3LT
9.0 .0635281 06812 062167 5.0 - 0630620 063780 064138 LO6LTL3 065611
Pm = 0.4 Bm = l.&
C.0 Q.930017 L 459600 0.500812 0. 314587 0,291534 0.6 0.530017 0,6T1460 2.577412 0
.8 557887 LT 335015 283259 L235941 .8 397887 451865 S132097 0
1.0 318510 L3083 L284260 251761 218507 1.0 .318310 L 34u81 453927 BYeLTS
1.2 s L59788 o L2edthn . 200b06 l.2 265258 280262 L335T3C LL88731
1.4 L2230 L21L177 199934 L183277 1.4 L22736k4 L 236690 269169 2345046
1.6 L1genle L18u ATH62 .167807 1.6 . 198544 .200139 L 225932 L270229
1.8 L1t .170470 163200 L1568 1.8 L176839 .181165 199335 .223820
2.0 150100 LT L15LLT0 145046 1L213%0 .0 159155 1622006 Rl .191958
2.2 L Lhantio LLu3 Rl BUSIDS] L 1369% J131622 ff 2.2 U L4703y L194518 . 168584 L192535
) Bt L 120268 L117687 JAlbaTT 2.6 Llegko L123847 L126284 L13633h . 337
3.0 L 104691 L102984 100697 3.0 L10610% L107029 109877 L11h938 3
3o .050053 L 08860 L08T48G 5. Relr s L031529 .093303 096404 L102062
[} o7 L078478 Koy (shitel 077258 4.0 O L0765 L081148 063189 086203
5.0 L0H3089 06335k L0609 Tk L062b50 5.0 0630620 063860 L06LkBL L065485 066968
fm = 0.0 pm = 1.6
0.5 0.930517 | 0.5050% | 0.450659 0.405357 | ©.b1360k || 0.6 | 0.530517 0.738659 | © o o
.8 . 397887 L 386962 L 395568 527609 L 303268 8 L557887 k81031 1,087125 0 0
1.0 L 312624 L29TL30 27729 2574608 || 1.0 318310 358357 552057 | 3.926118 0
1.2 L261938 L2k L2392 L225327 1.2 265258 .287691 379330 1300 o
1o 2 RAULER .210528 200197 |} 1.4 227564 241227 292945 L4560y | 1.18b0T3
1.6 197950 .143481 187520 L17978% 1.6 19894k 208119 240516 L32212% 543562
1.8 L1758y RS S) 168503 .1626890 1.8 L176839 .183230 204G JHUETS 303547
2.0 L1589 L156312 L155086 148718 2.0 .159155 163787 L1791688 212098 276029
] L1ah1ko L L3y 139999 L136697 2.2 L1Lbu6Be 148152 159450 182793 22k130
2.6 12208 J1195k3 L117h52 2.6 Jle2uet J124514 131156 L1116 L165029
3.0 105887 L10L208 .102809 3.0 ,106103 107457 111701 119713 131996
35 L 00E L0L0B0 S .OBu2k3 088843 || 3.5 090946 L091796 09429 L0992 L106385
4.0 OTHTT L0786 LOTET6T 078156 || .0 OTHTT .08014& 081864 -085051 L0898k
5.0 0638020 L6361 063245 .062928 || 9.0 0636620 L0634952 L06LA3T +0GOLOS Recthl s
pm = 0.8 fm = 1.8
0.6 0.530517 0.529278 D.940653 0.650142 o] 0.6 0.530517 0.882886 ol o 0
.8 L 397105 398189 413604 LBT607 .8 397887 518079 2.07h581 0 o
1.0 317887 517578 301213 336690 || 1.0 318510 370N J714895 | © 0
1.2 L2604 398 L20L039 L265523 .270327 1.2 265258 296516 ESES] 1.583059 0
1.4 L2271 L6 L2023 228750 1.k 2273564 b6ty Lokka 607086 o}
1.6 .1988:8 198578 198501 L199143 f 1.6 <1984kl 211585 259040 2393632 | 1.037291
1.8 LLTHT56 L1jente L176hob L1766kL 1.8 L176839 185619 21654 293949 528637
2.0 155004 L1853 1568801 158839 || 2.0 L159155 L16590% 187582 236843 S35Tuh8
2.2 LALAERO R UETE L14L35Y 2.2 L1468 L149430 16536k 199277 271921
2.6 1223949 Lloode 122150 6 J122427 L125278 J134543 J192817 .18661k
3.0 106085 .106033 L LOHE% 3.0 106103 107950 113831 L1242l 143863
3.5 Nolf o318 Kol .070%01 L0079 5.5 090545 L092104 Nej5x st L 102349 L113007
L.0 LOTHTT OTHTO 0BT . SO T 4.0 OTHTT 080352 L0B27H3 .087033 093689
5.0 0636620 063658 L0636k6 063628 06 3004 PR 06360626 LOELO5T 065268 LOBT3TH .CT0522




TABLE T11.- TABULATION OF THE DOWNWASH FUICTION F, o - Concluded
i

zy =0 z, = 0.2 2, = 0.4 zy = 0.6 zo = 0.8 X0 z, = 0 2y = 0.2 zo = 0.4 24 = 0.6 2o = 0.8
Bm = 2.0 Bm = 4.0
0.6 0.530517 1.0676kkE [¢] 0 Q 0.6 0530517 0 0 o] [¢]
.8 397887 L565466 | 0 o o .8 .397887 | © [} o o
1.0 .318310 - 394664 1.020224 o] 0 1.0 .318310 1.326291 o] 0 0
1.2 .265258 . 306926 533822 0 0 1.2 265258 .610082 0 0 0
1.4 227364 252727 366908 .98315% 0 1.b 22736k .39928% [¢] ¢ o
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TABLE I, - TABULATION OF THE SIDEWASH FUNCTION F(ly; ,1)
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy({ly; 1) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, i) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; o) - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; ol - Continued

06

Bm

14d7747389676d,h704951‘70709325138461).48,/0,,N,,q,.)ﬁsu/6979721016354735538

m 017dﬁ,ﬁ&;/ﬂ/ﬂd‘.)nlzdg,h.k;.kﬁ.b;/:lnlV/MU)N.)JNOO3,0989558034&»1485.,06,\;4()&9159dl;444,du1
Q ..3191h0)~5bhhGU1521251017.DU5592562240175h82895350069U090158422485
" = 976507,}951730630.{4n.~0210661)96\4U4OGM~95W@V641}1)0@08517405ﬁ~84074185.&4
wm .8UUUHUW/T.thS.H,rﬁ/d.Q,A}(/ngHUUUU..(?:I,Dhhc»..bd,u.&,,.}}}}g.vwﬂ,wnbn777555r)54,443jj
OUUUUU‘UUUUUU‘UU,U.UUUUUUOMU‘UUUUUUUUUUUUUUUUUUOUUUUUU,UUUUU,UUUUUUUUU
,,b)».JH(U:J,QAv,bU/&Q,65919519,52‘)0“2575974USH7~91945154903}7262701953U7515U

FD. 981935U41990/U937ldh49~u,x)/~hUULJ,Am9994hdv)}d.ﬁU.ﬁ.B()Uddh,01844du95541}5h
O uu.u.&.,Uﬁdjﬁllr)A,ﬁQﬁd6./561014,;.#745.)‘6‘.@64746..ud,bj/.ﬂ73/46,bl7Hun{R;.,,bﬁuU\U"/VL)SVh,b(l
" 4(4171581470461)8/40650U765937056926050hBUSn@Q/Bh(/ﬂos5147047.\66175963)0
% 22211099H??,bb;).,arév45..3.)ﬂu229»11009H77U05544535222?./21009HH,,/,,U0554431)51\/
1lllll”O\UOOUOOOOOPJOUU1111111000000000UU0001111111‘A.‘UOOAUOOOOOOO(JO1.;
957.444(\)5hl./hUUUdewjhUBUhdluujn!bh?u)iﬂ)n/‘J TN LN SNADSN T DA CE DN NON AN

< 5955,./UA‘UObUHuU4507UU,),)}./jlspDuQr/a(ldjjn/‘UnUﬂ4Un(uu71.r/A.Hu&)kqludn/ﬁb“u,nullJ‘)U//l.ﬁ
O. 6rJu/lO.,/U4uu5,x)5u..47960&051U45535dfdUDU/lU,zp.)U(,lu.u70,U35J TOVDLI T ART I O
" 3O1~_93,/57/422559354175u,~5230593854j570505).~953634160496445515153%?4
(=] 990qu,)éouldn/,bbaﬁcjw«),)ﬁdﬂgwjU7bj)~«l\/..)uur’.)bbdvd.,)()dxddgulUﬂ/&JQ)N,\Uu,U'(.b;3544()5)&‘;»5
N 11‘111111U\VJOUOUOU‘UU\UUUlllllll.l.U‘UUUUwuUUUUUQUIlllllllUUU‘J\UUU\Ud)UUVU
D UU,D,J:J)b/#le),,DHuAU.//.“457749751151&55qu5hdl/}“gﬁazl,bwﬂﬁwwﬂuumﬁﬁ/«4”9”9.4}245UOﬂl

o 0.UJNW‘/Q5Ur)4LU.Jhw,x}ﬂu;wlul465UEds\UJEJl,ﬁE,/.Uw,NllMerﬁd..)f)ow,wuz?V/,)u‘..)dﬂ‘/nu)u»,,/du,-»fu
AU. 2wADO}dbn{ﬁ,.},w,vcﬂl.v(..)?uuﬁ]SHgb.ﬁ‘/U}bUﬁVu.Ldn,hlﬁhH,MU/WAUHJAWH,//Q]‘\LVWU.(;HHVUQ,/N:)/W(
w L R R ] ﬁ,h,)uﬁ,N}./‘Lh(..JOuAh,ﬂowsUuhma73mu,h71),)~4].wuﬂu&lﬁ,h55556377},0»&”455@)»&QIAQ?1:)
le] 9ll,L:Ju)rJ‘Lx)nyrﬁ457),,»6).~J74[4L419,(7.DV)5Q‘J/?V)r)/wl;l;&Ju Tt e e A WDV T2 S MM ) N e e e e
N I ;.).ull_lUUUOOUUOOOOOUU}&)JJlllOOUOUUOUUOUHJUru_),..;,‘),d11111000wUUUJOO‘UOUU
. A T A B T T T T T T T
|0-O,L}O.)OW.OLJOSOWUWOR;UHU‘.UUHOL}O&:UH,\U.)CL)\UJ)UW\UV)U.\UO."U,.)VI.VH\UA)HHU;\OR;UWbHUL:O
VH, O Driri AR S Sl ol oo S M Yo S g ~r~5(’4/tu\.swhrHY(WW,UVNJO\Ua..qL)uvw(,(‘/A.AL),vﬁhYV/,\«)}.\JU
~ — 2

o (3> SRR ~y~)~,udvadJ.J:Nd)c)u.u,wd‘fbAxh.)Ajh,hr\:.),)1MHMWM)MHH10HH_ - T Cco oo T oo T oo =
> . L T - PO © .. L LI C e e e e
2‘J.u/v»quJu)u.quv.u,u)u)uxuxgyu\u::".J)., 1TrTrTIYY Y Ty Y Y Y T % TITYTIMNNT N S 0 S N R R A N 0 S e s e e




103

7

TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, o)) - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH “UNCTION Fu(ly; o)) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; 5l) - Continued
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UNCTION  Fy(ly; of) - Continued

TABLE IV - TABULATION OF THE SIDEWASH
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fv(lyi_ol) - Continued
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TABLE I - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; o - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; o)) - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; 4!) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, 1) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; I - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; l) - Continued

=25

Bm

=08
.10904 4
L1067 s
Llunty
Llusglys
Ll oa

Zgo

LUo Y UL

LUT B304
REVINASEL - I
LUt h2
LU ho Y

MO DOFN AT ITMAAMNOATINCADMENDINAD
FOoNTHMANLNOLLOANMLE LT AAD LD N0
LOD2ERADRALLNCDRAANDE T A AN~
TOOUE TN AINON AL A DT O T HDOTIAN
NOODDO0OO0OI2 T2 LD L L LNy
A2 44~ 20D D53D2D2D2D2LD2D33D2332322

£
5 n
>~
D
>~
oD

20=06

139419
1385014

PR Y A
120 u o

.09 Y 4aDO
LY eBel
LOBRAD YD
0ROl

.UBf4Yy 3
LUGL45H4 U
.Uoegoyd
.Doe2UElL
DL 34
LUt 14a81

SUYlebd

MO0 T TOR D AT
PLELARARLEETDANIINN
L@IPNWDLATNANTT TN
FTLHDNNANNONLANL
DA MM O —TONT S
Al AAAA—LTOOOD 2

2004

.2u03300
. 20044

3
.17 Ye 4
.le36Ub
14Dt
.15191o0
L1l st
Llo4aeyy

LUY oD UL
LJu2s o4
LU 4l e
NEVE-N-R Y
.U oQool

Lo H6BU
.US 140U

LU4BLUU
LU456 09

DA AN TAE A DDOUN
TOTIORIELHIDND ST
OO DHD D AN MO X
>~ DO NODHNOO
ToOPIANOTNNAD R D
DA AAAAAAAD DD

RNANHNHNN A
SN~ OoMN
T T OUW AN N
~-NM-MO>T N
HOHT T TN
DDVDDDDD

Vaacbid
LU4445Y
LU 44

=02

Zo

.40001 7
L3R 14

320449

2404
L1U0ZED

L0111
LUO0BlY 2L
8
i

157474

o

DA

o
N
Rt
o000

o s e e

9y Hhl

SO NNOIDI=RONNONNITDNNODN
PO N G T ANV AR LM AN N AN
AR D EHQ T ODMNOTMNODOMNOM O AdNIT N
NMAAMA LT LOLMT AL AL AR NNO0 ™
VNN NG> NSO RAD ST TN NI e
CO00ODMMMANEAHDDD0D0000D0D2000

PR T T e

<7225

Vol

. 0o

D noDLr

R R R AR ATt g ol Vo)

DN o0
L 0>

U,DU;}DU,?O;}OhOﬁOﬁO.ﬁ050505050
TTAIPDoDHHNNTOIILL OONSTT D

— ~

Xo

4.0

22202

T T T

OO0 ODA00000D22VDDICO0DD0DD

4444,455\35555”3,355555,555,555v3




hel
Q
g
€ = a
+~ wol| < > vo
S o xuoooouon
= 04 o <o
O vl < oo 2c @ el
[=] o200 20= =3} c o
s S ) o
~N = =} zo < = >
1 = “oo oD < DOCT
3 >3 >0 3o oo <
— & o c c > o
= -] oz 202 o oXe] (o]
. - wlal 20 D0 o fo¥o)
o) . ~52s oa = cn oo o o
Lo Seo 522 35 S5 coo cc o
- N o933 co= soc oD & oo oo
> R oRe] 23 co 20 [ oo
= ....uuuA(UUOUUUOUOOOOOOOOUU)
> ...(UUO)OOOJWOOOOOOOOOUHOOOU
L ....(UUUH(UOONOOOMUUWWOOOWUUOO)
- oo =22 o =) =1 o <
z ol 2232 ....o.ouUwooowooowmuowooowuouu
o o] MUOOMUUO ....UUUUWOOUHOUUWUOUNOOOOUOOO
= " -5 55 =) e 20 22002 2@ 20 coo o~
ju = o5 A 20 v 22 o0 20 o0 oo S
o <50 = UU)1UUU oE= . S35 205 550 ~50 o [= 3=}
(&) ~N 00,(00 S5 o~ ERee] e 3530 oo P 5% o coo
5o o= > 5= so e S 223232 o o >
pd Py Py 230 305 S > . 52 22 oo™ ¢r O coo oo
) oo = [SY-R= 2D et 229 e 522 coc ST oo o 2
. o 20 =] D 2 =] . > 2 ='s > [=] o0
. oo 2002 [oX=] Sl 22 [oR=] >z < oc SR=) 2
[ .. < >0 o > =) o > ~n oo oo
=) = o0 o] 22 o2 - ] S0 )
AR o200 o2 o [eXe] 20 22 oo ~ o202 20
T .« . = o R oo oD [ 22 . T2 o o0
. oo 5o o0 ) ol oo . 52 S0
n « v . 500 UUU)OOO o000 25D oD ¢ Ao oo
o e oo o) 20 o0 o 292 e >z
o N UOOOWOUOMOOOMUU4UIUUWUUOUI o
w . L o) > o v~ o s ..
e ) C co D02 oL 2 fole] ]
L wl = Ooucu Ce OOUOLOUJO70MUUU 2o Toses
0 " o JUHOUUUO OOOn/cl.)O OOOHOVU}.ﬁ NS o 5595
n gl MUUUUUUUWUUU9 e zzUMUOUUmHmM510000005696
o o) o2 20 o~ e oo ST b 22 2% ~
) =) 2 . =} b D o2 2 o
N SOz el 22 n oo . o > o o~ - e~
Sz ) 53 o~ s . o A oo - - ~ >
W c >c > >N > < . — oo o] S A » >
A o2 - ) 2 2 o ™~ o~ =}
T oo 5D o0 D o0 —N .o - oo Nave) ~ " ~2 )
. Too o=l own o2 ~C C 1 rO . Noo 500 < - o2 oo
= L 55 52 O Y o o2 .. co <o PN 03 =3
. o S0 oo - E) N~ 5 o 20 - S5
>90232 ,ObUrOOjUGZUOOU QRN 2000 AR S 22
W oM jggiugy - ) NN — e >0 X oo
I “o oo cox o0 L ) 220 . et NOD °
@) R >0 O 00~ oo o~ o~ "o - ce e 222
Coee UBE?,bOOWSZbUVUUUOSA4)bl rese
= e o cww oo™ T N DN ADO P
O v oo aonngss n o o :
o o~ oo Lo 222%300L4155671w009j517u
— o SosLroes ...,200(354 m~ 0 2>¢ AN
< " =~ oD . foYe] ) no oD <~ DO
" - SN >0 e a N »0 o€ T o< O«
—_ “ n . N ) gl > > -
- Vo > LAt o . o - 20 Fel — o o
o 1L D g™ <~ folal .. n o T - ) "~ nD
o N Qo ~ PO ~am n o . no e o So~ ~ > p—
2 - ~ o2 S e -~ < - o o Da~ -~ ~ byl »0
o 0 641.30 ~ 0 ~ e oM .. MK ~a 0)7.,0 ow =N
RIEE o g0 o~ T oo -0~ c SRR ~Hoo <o o EReRe 2
g .. P T ND e S o N O~ CEECI - S 494.uz A=l
e e <« - A >N o ~ 0 .. oD 2 -3 D20
. + AN [SR=1"] ~om By D Q2omm © o =R RN r~0 B 2
cee nw DX EOASANEA AN .. a PRGN
. .. SN "D e 262,461,090 .. e e o
....4244294U.,3186957\\:,05,/96085 111100
m PN N NADD 274c561 cwno nw Do s n2
— AR - o= PR o~ << .
o| 2 ...114453738460)445735f595j1 )
r . " v N7 paliagiel N <= oM
4 == oor AN AN < A i PN
= PR =¥ .. - el o Sl M i
- 2= 51 AAARARES ~ o 5o cow <o
@ T anTE oo A 74355960337542655083
8 ...(UlldWhUS) ....<111/60u372u\856 T CHD
— . . N D YD £ .. - ¥o] b Ji¥elbgl om L “on
. Lkl = . " 0 o o; hal n
(o] @ T . N Sn o .. "N, o 0 & LD - O~
> TTOC e Nz Sw o LM ~om o 0 JNOUays
c T oS .- [eRRR o5 PN OU,,842 -~ =)
.- Ta .. N > o0 C .. Lkl VRO b} 20~ 0
. SERVER . “ -~ o N .. < o0 N o o)
- CE 2 N .. =5 YO . . “ 30)(33
- .. @ ¢ N 115.050 PN e aD~ o
- PRI ~ .. RUNEak e s .. -o S
— . < < . o0 . o
- e G oe I Tz - or o iHeoooos
et .. oo o . - e on ..
- . ° . N -5 .
- L Faleoqen * . e )30)
1111...‘R8RH .. 4(01,05)
- e jealeal . 12,(505
- . * = N 5
— - .. o2 . bl o)
— .. o2 . . < q roor
llll.. oo 00110505
AIORONONON SON SRy oro
RN .. 27 % s A =00
~2 N . 1NN .o T Lr
2 e . 2 A A .. o
¢¢‘... VEUEY B
2" &0 L&
.b::)... cees
.udd;... e
udd;... see
SR . <
.@¢dd..
NN

132




133

)

TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, 4l) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH F JNCTION Fully; o) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; 41} - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fully; ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fy(ly, ol) - Continued
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TABLE IV - TABULATION OF THE SIDEWASH FUNCTION Fully ol) - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; o} - Continued
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TABLE I - TABULATION OF THE SIDEWASH FUNCTION Fu(ly; o) - Continued
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TABLE I¥ - TABULATION OF THE SIDEWASH FUNCTION Fy(ly; 4l) - Continued
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UNCTION  Fy(ly; 4 - Continued

TABLE IV - TABULATION OF THE SIDEWASH ,
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TABLE IV.- TABUIATION OF THE SIDEWASH FUNCTION Fv(lyi o‘) - Continued
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TABLE IV.- TABULATION OF THE SIDEWASH FUNCTION Fv(l ¥y OU - Concluded
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TABLE VI.- ILLUSTRATION OF USE OF TABLES TO CALCULATE ROLLING SIDEWASH

IN PIANE OF SYMMETRY BEHIND WING OF FIGURE 8

[ﬁ = 1.6k; x5 = 2.0; y, = 0; z, = 0.2; By = 2.0J

| @ ® ® S,
v/,
.. Tys Vi T | NIPLel) | e (ea (2D)
"0 p(b/2)2 p(b/2)2 tzgizmlv nondimensionalized
by 1pb/2)
0 0 0.03% 0.401906 0.29%
.05 .035 .064 .378518
.10 .06k .063 .3224h02
.15 .098 .069 .258849
.20 .133 Nojrt .203320
.25 172 075 .159916
.30 .208 073 27465
.35 245 076 . 103564
40 .283 075 .086080
45 -320 077 .073514
.50 . 360 075 .065098
59 .39 072 .061233
.60 432 072 .066861
.65 6T 072
.70 504 076
L5 543 .052
.80 556 -.016
.85 .527 -.092
.90 Jhok -.169
.55 .3568 N
1.00 O -.358
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Lifting line when extended goes through (0,0)

(0,0) y,

= / > Y, yl’ yi
-

oy
Lifting line
v ¥ = h,
X, Xp, X4

(a) Lifting line.

Bound portion of vortex when extended
(0,0) ////// goes through (0,0)
<~ / > Y yl’ yi
~ ~ -
= ~
- ~
vy T hy
/////’ 1Ty
Bound vortex _
////// 17
™
¥h
jc————— Trailing vortices —————p»
¥ | Y
X, X35 X

(v) Yawed horseshoe vortex.

Figure 1.- Sketch of lifting line and yawed horseshoe vortex showing
symbol notation and axis system used in text.



(a) Swept lifting line approxi-
mated by a series of semi-
infinite yawed horseshoe
vortices.

To infinity To infinity

(c) Swept lifting line approxi-
mated by a series of semi-
infinite unswept horseshoe
vortices. Unsymmetrical
loading and/or unsymmetrically
distributed points.

(b) Swept 1lifting line approxi-
nated by a series of semi-
infinite unswept horseshoe
vortices. GSymmetrical loading
and symmetrically distributed
points.

£
7‘74?4 %hﬂ
- 3

(d) Swept 1lifting line approxi-
nated by a series of finite
~ectangular horseshoe vortices.

Figure 2.- Swept 1lifting line approximatel by distributions of various
types of vortices.
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TN

T
2
Y w

(a) Type of semi-infinite yawed (b) Type of semi-infinite yawed
horseshoe vortex described by horseshoe vortex described by
first terms of equations (1) second terms of equations (1)
and (2) with T - T and (2) with T - I

(@) Yig1 Vi1 @) Yiglr ~ Vi1
negative. negative.
M T
Y ]

(c) Type of semi-infinite yawed (d) Type of semi-infinite yawed
horseshoe vortex described by horseshoe vortex described by
first terms of equations (l) second terms of equations (1)
and (2) with T - I and (2) with Tt - T

(@) Yig1 = Vi-1 (@) Yi41 ~ Yi-1
positive. positive.

Figure 3.- Types of semi-infinite yawed horseshoe vortices represented
in equations (1) and (2).
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(0,0)
- y,vyl
YT X 1 7 mx
= h
y; = hy 170
™ '
1] | ¥
Vortex % Vortex

Figure L.- Swept horseshoe vortex.
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Figure 6.- Coatinued.
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Figure 6.
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Figure 7.~ Cont:nued.
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38.8°
<
/
~ Lifl‘ing line = C,
(mid chord /line) g

:

b/, -
A = 357
A =0.565
my = 1.244
m =1/1.54
M 3 PBA 3m, Pm
/.35 0.9/ 3.24 /.13 /4
/.64 /.30 4.64 /.62 2.0
2.79 /.95 6.96 .43 3.0

and geometric quantities used

Figure 8.- Wing plan form, Mach numbers
h o= 3.5T; N = 0.565; mg = 1.24k4;

to illustrate computing procedure.

1.54.

m =
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